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 The primary focus of this research is in expanding the knowledge and scope of the 
asymmetric silylation of alcohols. Since it was discovered in 2011 that chiral isothioureas 
can selectively silylate alcohols through kinetic resolution reactions, the Wiskur group has 
been working to increase the applications of the methodology. Understanding the kinetics 
behind the mechanism of the reaction is fundamental in the designing both improved 
kinetic resolutions and other silylation methodology. Chapter 2 focuses on using reaction 
progress kinetic analysis to monitor silylations of secondary alcohols with thiourea 
catalysts in real time using in situ IR to determine the rate of reaction and give insight to 
how the components of the reaction work together so that a reaction mechanism can be 
proposed. Additives and derivatizations of the original silylation reaction gives a new 
understanding of how the reaction may be affected by manipulation of the sterics and 
electronics inherit in the system. 
 Chapter 3 contains new projects that seek to expand the chiral isothiourea catalyzed 
silylation methodology beyond the traditional kinetic resolution, first by examining the 
potential for a more efficient parallel kinetic resolution where a single catalyst can be used 
to catalyze two simultaneous reactions. It is demonstrated that the acylation reaction and 
silylation reaction target opposite enantiomers with the same catalyst. The selective 
silylation of one alcohol in the presence of three of hexose monomers is also explored. 
Improvement on the selectivity by increasing the sterics of the electrophile was seen while 
discovering a catalyst that also improves selectivity is still being conducted. 
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Finally, the synthesis of a new pyridine containing macrocycle that binds to 
glutamate, producing a measurable electrochemical signal is also shown. Copper (II) 
cations are introduced into the macrocycle that have shown a strong affinity for glutamate. 
An alkyne derivative of the macrocycle is produced for the covalent attachment to an 
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CHAPTER 1 FOUNDATIONS OF ENANTIOSELECTIVE STRATEGIES 




 Organic methodology is important to increase the knowledge base of chemical 
reactions so that synthetic chemists have a continuously expanding toolbox of reactions to 
utilize in the synthesis of products such as pharmaceuticals, cosmetics, and specialty 
chemicals. Kinetic resolutions are one reaction tool used by industry to isolate one 
enantiomer from a racemic mixture.1-8 These kinetic resolutions rely on efficient catalysts 
with broad substrate scopes to be relevant for commercial application. Understanding the 
mechanistic picture of these reactions allow for more rational design of these catalysts and 
improve efficacy by understanding the ideal concentration to run the reaction, knowing the 
time the reaction takes to complete (rate), and learning the stoichiometric coefficients 
required of each component, so materials are not wasted.  Knowing the mechanism can 
also lead to the discovery of completely new materials such as catalyst derivatives or 
different bases that improve the reaction based on findings about electrostatic or steric 
interactions. A mechanistic study should be complementary to other types of study such as 
substrate compatibility experiments for any methodology
1.2. Mechanistic Studies and their Implications on Reaction Systems 
 Understanding the details of a mechanism can help with optimizing a methodology 




to identify each elementary reaction step in the mechanism as well as the rate of each step 
and the absolute rate of the reaction.  Methods of studying such mechanisms have evolved 
over time as instrument technology has increased. The underlying principle to determine 
rate is to monitor a reaction’s progress. If the reaction is slow enough, simply taking 
aliquots over time for analysis is enough to learn the reaction’s rate. Since the reaction is 
slow, samples can be taken and manually quenched without a loss in accuracy.10 However, 
when the reaction is fast, the concentrations are changing too quickly to obtain an accurate 
reaction rate purely by taking aliquots. Many instruments can be used to monitor the 
progress of fast reactions such as Fourier-transform infrared spectrometry (FTIR), 
calorimetry, and gas chromatography.11-13 Learning the details of a reaction allows one to 
identify parts of the reaction that may be altered to obtain a better result. For example, the 
identity of the rate determining step in a reaction or the catalyst resting state gives 
information about which parts of the reaction may be altered to increase efficiency and 
which reactants may have little to no effect on the reaction (i.e. zero order).  
 For instance, kinetic studies gave insights into the reaction conditions of the copper 
catalyzed hydroamination of olefins in Buchwald’s lab (Figure 1.1).14 The experiments 
showed that the resting state of their catalyst was a phosphine-ligated copper complex that 
exists after their reaction had already taken place and it was the regeneration of the CuH 
upon reaction with a silane that was the turnover-limiting step. A kinetic study combined 
with a linear free energy study informed them that the enantioselective step and the rate 
determining step were separate. Therefore, changing the silane and amine should affect the 




to rationally optimize the reaction by increasing the electronics on the amine and adjusting 
the sterics on the silane to increase the efficiency of the reaction.  
Mechanistic studies have also enhanced efficiency in kinetic resolution reactions. 
The Jacobsen lab used calorimetry to study the mechanism of the kinetic resolution of 
terminal epoxides by the hydrolytic opening of one enantiomer (Figure 1.2).15 The system 
utilizes a cobalt catalyst that was found to follow 2nd order kinetics in their reaction leading 
to the theory that a bimetallic intermediate forms during the process. Interestingly, they 
determined that both enantiomers of their starting material bound to the intermediate 
complex with the same affinity. This meant the selectivity of the system derived from the 
high reactivity of one epoxide intermediate complex to form product in the presence of 
both complexes rather than the kinetics favoring the formation of one complex over the 
other. Ultimately, they determined that the selectivity greatly depended on the counter ion 
of the cobalt catalyst and were able to tune their reaction favorably by substituting out their 
original hydroxide counter ion for a tosylate group and making 1.1. 
A dynamic kinetic resolution is an alternate method to the classic kinetic resolution 
to obtain higher yields of enantioenriched product. While a classical kinetic resolution can 
only achieve a maximum of 50% yield of one enantiomer, a dynamic kinetic resolution can 
achieve up to 100% yield of one enantiomer. This occurs because although the reaction 
begins with a racemic mixture of substrate as in a kinetic resolution, during a dynamic 
kinetic resolution, the substrate is continuously racemized as the enriched product is 
formed resulting in a product that is entirely one enantiomer.16 The kinetics of such a 
reaction has been studied by several researchers such as the Buchwald, Bäckvall, and Dong 




resolution of allylic sulfoxides in a rhodium catalyzed hydrogenation that led to a greater 
understanding of ideal solvent, catalyst, and hydrogen pressure conditions. It was already 
known that allylic sulfoxides could be reduced to enantioenriched allylic alcohols via the 
Mislow-Evans rearrangement.20 This mechanism involves a [2,3]-sigmatropic 
rearrangement that racemizes the starting material through a reversible formation of the 
sulfenate ester 1.2. Previous work focused on a reduction of the sulfenate ester as it forms, 
however the Dong lab proposed reducing the starting material asymmetrically while the 
slow reacting enantiomer continuously racemizes through the rearrangement, allowing for 
continuous enantioenrichment (Figure 1.3).21 
 
 
Figure 1.1 Buchwald’s Proposed Catalytic Cycle of the CuH-Catalyzed 






Figure 1.2 Cobalt Catalyst for the Kinetic Resolution of Terminal Epoxides 
 
A dynamic kinetic resolution is an alternate method to the classic kinetic resolution 
to obtain higher yields of enantioenriched product. While a classical kinetic resolution can 
only achieve a maximum of 50% yield of one enantiomer, a dynamic kinetic resolution can 
achieve up to 100% yield of one enantiomer. This occurs because although the reaction 
begins with a racemic mixture of substrate as in a kinetic resolution, during a dynamic 
kinetic resolution, the substrate is continuously racemized as the enriched product is 
formed resulting in a product that is entirely one enantiomer.16 The kinetics of such a 
reaction has been studied by several researchers such as the Buchwald, Bäckvall, and Dong 
groups.17-20  The Dong Lab at UC Irvine studied the mechanism of the dynamic kinetic 
resolution of allylic sulfoxides in a rhodium catalyzed hydrogenation that led to a greater 
understanding of ideal solvent, catalyst, and hydrogen pressure conditions. It was already 
known that allylic sulfoxides could be reduced to enantioenriched allylic alcohols via the 




rearrangement that racemizes the starting material through a reversible formation of the 
sulfenate ester 1.2. Previous work focused on a reduction of the sulfenate ester as it forms, 
however the Dong lab proposed reducing the starting material asymmetrically while the 
slow reacting enantiomer continuously racemizes through the rearrangement, allowing for 
continuous enantioenrichment (Figure 1.3).21  
Kinetic studies were performed to understand how reaction conditions affect the 
rate of racemization and to design better catalysts for this type of transformation. The rate 
of racemization was measured using a polarimeter to analyze the decay of optical activity. 
They determined that solvent choice affects the relative rates of the hydrogenation reaction 
and the racemization of the starting material.  They also determined that their rhodium 
catalyst 1.3 performed a dual role in the dynamic kinetic resolution catalyzing both 
processes. This finding led them to consider variations on catalyst, solvent, and hydrogen 
pressure to optimize the conversion and selectivity of the reaction. 
 
 




1.3 Methods of Kinetic Analysis 
 The study of chemical kinetics has been developing for approximately 150 years 
since the development of the law of mass action by Guldburg and Waage, which first 
treated the rate of a chemical reaction as dependent on the stoichiometric amounts of 
reactants.22 However, this law only applied to elementary reactions and so research has 
been continuously conducted in the field over the years to expand the scope of the 
mathematical treatment of kinetics. Kinetic models of simple reactions were developed 
using differential equations but were often challenging to use for more complex systems. 
Thus, more accessible ways to study kinetics have been developed.  
One of the most popular experimental kinetic analysis approaches is the method of 
initial rates. This method is conducted by running multiple sets of experiments at varying 
concentrations and measuring the rate at the start of the reaction. Generally, the 
concentration of one of the reactants [A] is kept constant while a second reactant [B] is 
changed for multiple runs.  When enough points are measured, a plot can be constructed to 
determine the reaction order of the reagent which was changed. The same thing is then 
done keeping [B] constant while changing the concentration of [A]. The main flaw with 
this method is often the concentrations of the changing substrates become values that aren’t 
representative of the ideal reaction conditions of the system and therefore the results of the 
experiment are not entirely representative of the system either. This can result in models 
that don’t tell the whole mechanistic story. Additionally, many experiments need to be 
conducted to achieve an accurate rate law for the reaction, making the method tedious and 
time-intensive.  Therefore, much research has been done to develop methods that can tell 




 In an effort to simplify the kinetic analysis of complex multistep catalytic reactions, 
graphical representations of kinetic data have been sought. Presumably, the most famous 
method to graph a useful representation of kinetic data is the Lineweaver-Burke double-
reciprocal plot.23 This method was originally developed to represent enzyme catalyzed 
reactions that can be described by the Michaelis-Menten model24 (Equation 1.1) and gives 
valuable and easy to access information about inhibition.  In practice, the Lineweaver-Burk 
plot is a double-reciprocal plot of the Michaelis-Menten equation that linearizes the data 
according to Equation 1.2, allowing for simple determination of Km and Vmax where the Km 
is defined by the negative reciprocal of the X-intercept and the Vmax is defined by the 
reciprocal of the Y-intercept. In addition to rate information, these values are important in 
enzyme kinetics as they can determine which type of enzyme inhibition, such as non-




 The Ruoho group in 2014 demonstrated an example of its use when studying the 
mechanism of inhibition of the enzyme indolethylamine-N-methyltransferase by N,N-
dimethyltryptamine (PDAT).25 Multiple experiments were run changing the amount of 
tryptophan added into the system both with and without the presence of PDAT to measure 
the differences in rate. When the control and PDAT inhibitor experiments were plotted 
according to the Lineweaver-Burk method, they found the Vmax changes between the two 
 = 	 +  
1







Michaelis-Menten Equation                                  Equation 1.1 




curves, but they have the same Km. This result is an indication of noncompetitive binding 
occurring in the presence of the inhibitor. 
 As innovations in instrumentation have increased in recent years, so have the 
methods to analyze reaction data. It is now possible to monitor reactions in real time using 
a variety of instruments such as infrared spectroscopy and calorimetry. These advances 
have predicated the introduction of an area of kinetics called “reaction progress kinetic 
analysis.” Originally introduced by Donna Blackmond, this method has been utilized on 
many systems by researchers as a simplistic way to elucidate complex reaction 
mechanisms.26-30 
 The key benefits of the approach are the reduction in number of experiments 
required to obtain the same data as classical kinetics and the fact that only the knowledge 
of a spreadsheet program and curve fitting software are required to examine the system. 
When doing a traditional “initial rate” study, an experiment must be run to obtain a single 
data point on a graph that requires many points to form a complete picture, but with RPKA, 
even as little as two experiments can be conducted to obtain the same robust data. 
Additionally, as the name suggests, RPKA is conducted by looking at the reaction as it 
occurs in real time giving a realistic kinetic picture of the reaction under typical 
experimental conditions as opposed to large excess experiments traditionally done to 
determine reagent coefficients.  
 As mentioned, experiments are monitored in real time using instrumentation. The 
raw data of these methods typically are acquired in one of two forms: conversion data or 
rate data. For example, when using calorimetry to obtain data, reaction rate is directly 




from calorimetry can then be transformed into conversion data by taking the integral of the 
rate data and conversion data from FTIR can be transformed into rate data by taking its 
derivative. It should be noted however that when the data is processed, an inherit amount 
of noise is introduced that can have adverse effects when trying to glean information about 
the reaction. 1H NMR is often utilized as a second method in addition to calorimetry or 
FTIR spectroscopy to ensure accuracy of conversion data by taking multiple aliquots over 
the course of the reaction and matching them to the in-situ data. Figure 1.5 shows an 
example of the data collected via FTIR of a silylation reaction of an alcohol using (+)-
benzotetramisole. An IR peak representing the product of a silylation reaction was detected 
by the software and analyzed to plot a curve representing 0-65% conversion over 3 hours 
with 1H NMR aliquots taken over the course of the reaction to check the accuracy of the 
IR.  
 Much as the Lineweaver-Burk plot is used to determine a relationship between rate 
and substrate concentration using graphical analysis, the data acquired from real time 
experiments can be plotted as rate versus substrate concentration to obtain a plot deemed 
the “graphical rate equation” that gives the overall kinetic picture of the reaction based on 
the shape of the curve (Figure 1.4). 
A horizontal line is indicative of zero order kinetics while a diagonal line represents 
1st order as shown in Figure 1.5. Higher order kinetics will form a curved line, but 
additional experiments are needed to learn the exact higher order of the reaction. Although 
this initial plot gives information about the total system, it is limited in its usefulness and 
further experiments are required to determine the reaction orders of individual reaction 




picture of a simple reaction, RPKA is not limited to this one analysis. More meaningful 
data can be obtained for complex catalytic reactions through mathematical transformations 
of the rate data proposed by Blackmond.  
The method to determine kinetic coefficients in RPKA is through what is called a 
different excess study. This utilizes a term called “excess” which is simply the difference 
between the initial concentrations of the two substrates of the reaction (i.e. [sm2]0 - [sm1]0). 
The experimental purpose of the term is to allow the monitoring of one reactant in a 
reaction composed of two reactants that are simultaneously changing in concentration by 
utilizing their stoichiometric relationship. The second reactant can be put in terms of the 
first as illustrated by Equation 1.3 by eliminating the variable changing concentration of 
substrate two from the rate equation and replacing it with a constant value. 
sm1 = sm2 − sm1 + sm2 = excess + sm2              .  
This method is best explained using a generic rate equation of a reaction with two 
substrates as shown in Equation 1.4. The concentrations of two different substrates are 
[sm1] and [sm2], [Cat] is the concentration of catalyst and α, β, and γ are the stoichiometric 
coefficients of those terms and kobs is the observed rate constant for the overall reaction.  
ν = k"#$sm1%sm2&Cat*                                                          . +  
The different excess experiment is then conducted by performing two or more runs 
each with a different value for its “excess” in [sm2] relative to [sm1] and manipulating the 
data to find functions that can be plotted that create a graphical overlay of the runs. If the 
graphical rate equation of rate vs substrate concentration [sm1] can be plotted with overlap 




order in [sm2]. Likewise, if the rate is plotted against [sm2] and the lines overlap, then the 
reaction is zero order in [sm1]. For an example of how the method is utilized, the Buchwald 
group performed a different excess study on their arylation system in 2015 to help design 
better ligands for their system (Figure 1.6).31 They did two runs with one at zero excess 
and the other at 0.5 M excess. The plots overlap without further manipulation of the rate 
equation, meaning the reaction order is amine. In other reaction systems, the curves may 
not overlap. When this occurs, additional steps (normalization of rate law) are required to 
determine the reaction order. Equation 1.5 shows how dividing out the concentration of 
one of the substrates in the elementary rate law (Equation 1.4) gives a new graphical rate 
equation that can be plotted.  
ν








        
              Figure 1.4 FTIR Data Collection of a Silylation of (R)-Tetralol  
              at 0.08 M with 0.25 equivalents of (+) BTM Catalyst Using  
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The dependence on [sm1] has been removed from the right side of the equation 
leaving only a dependence on [sm2] and [Cat]. The reaction order in [sm1] is then 
determined by plotting 
-
./0 against [sm2] and changing the value for α until the plots 
overlap. This means the equation is correctly normalized for [sm1]α and that the correct 
stoichiometric coefficient α has been found. The same procedure can be done for substrate 
[sm2] from the following equation: 
ν
  sm2& = sm1%Cat*         . 1 
 
Figure 1.5 Curve Shapes Corresponding to Difference Kinetic Dependencies 
Obtained from the Graphical Rate Equation 
 
 For instance, Blackmond performed a different excess study on the Soai 
autocatalytic reaction.32 This reaction involves the alkylation of pyrimidine-5-
carboxaldehyde in the presence of diisopropyl zinc. It forms an asymmetric zinc alkoxide 
intermediate 1.4 that also acts as a catalyst for the formation of additional product that 
further increases the ee. A protonation workup then gives the final product (Figure 1.7). 
Equation 1.7 shows the general rate law of the reaction. In a special case, since the reaction 




concentration of 1.4 in the reaction and therefore it is present in the rate equation. To 
determine the reaction order of the aldehyde, the [Ald] can be divided out from the rate 
equation and a new graphical rate equation plotted according to Equation 1.8. 
rate = k"#$Ald%Zn&. +*        . 9 
rate
Ald% = k"#$Zn&. +*              . : 
 
 
Figure 1.6 Buchwald Different Excess Plots of the Arylation of Amines at 0 M  
and 0.5 M Excess Amine to the Aryl Bromide Illustrating an Order of Zero in 
Amine 
 
When the aldehyde concentration is divided out in the case of this reaction system, 
the plots do not overlap. This is because the reaction order of the aldehyde is not equal to 
one. Therefore, the exponent of [Ald] in Equation 1.8 is changed until the plots overlap. 
This means the rate is no longer dependent on the concentration of the aldehyde and the 
plots behave as if the reaction order is zero in aldehyde, i.e. overlap. The means the 





Figure 1.7 Soai Autocatalytic Reaction Studied by Blackmond for Kinetic Analysis 
 
 Another powerful analysis by RPKA is called the “same excess” study. In this set 
of experiments, the reaction is run multiple times with the same amount of excess substrate 
[sm2] but with different initial concentrations of substrate [sm1]. These experiments mimic 
the reaction at multiple points in time. For instance, in a 100 mM scale experiment with 
respect to substrate [sm1], there will be 150 mM of substrate [sm2] which is an excess of 
50 mM. After such a reaction proceeds to 50% conversion, the new substrate 
concentrations would be 50 mM and 100 mM for substrates [sm1] and [sm2] respectively. 
By running a separate experiment with substrate [sm1] at 50 mM and substrate [sm2] at 
100 mM concentration at the beginning of the reaction, interesting and important 
mechanistic insights can be gleaned from comparing the two reactions, specifically 
information about catalyst deactivation and/or product inhibition. 
The Hein group’s study on the Kinugasa reaction demonstrates how the same 
excess analysis is performed (Figure 1.8).33 The Kinugasa reaction is a cycloaddition 
reaction that combines a nitrone and, in this case, an alkyne in the presence of a copper 




run had a concentration of 0.1 M in both substrates and the second run had a concentration 
of 0.07 M. This protocol mimics the reaction at 30% conversion. As mentioned, the 
experiments mimic the reaction at two separate points in time (i.e. at zero percent and 30% 
conversion). The key differences in the two reactions however, is the number of turnovers 
the catalyst had to make to arrive at that equal concentration of starting material, as well as 
the amount of product present in solution at that point. In the Hein study, the plot of the 
0.07 M run was shifted so the initial concentration overlapped with the point in time when 
the concentration of the 0.1 M run was at 0.7 M. Since the plots continue to overlap over 
the course of the reaction, there is no change in the ability of the catalyst to function 
(deactivation) and no effect on the reaction by the presence of product in solution 
(inhibition). 
 
Figure 1.8 Hein Same Excess Study of Copper Catalyst in the Kinugasa 
Reaction  
 
The Himo and Adolfsson groups did their own RPKA same excess studies on a 
zirconiuim catalyzed amidation system to check for catalyst deactivation or product 
inhibition (Figure 1.9). They performed two runs with ZrCr4 at 0.4 M excess. Unlike in 
Hein’s study, they found the two runs did not overlap when time shifted.35 This means 
something is affecting the catalyst’s turnover rate, whether deactivation or inhibition. One 
of the best methods to check whether the problem is catalyst deactivation or product 




the initial run and again check for overlap. If they overlap at this point, there is strong 
evidence for the product influencing the reaction rate. If the runs still do not overlap, the 
problem is more likely the result of catalyst deactivation. In a second same excess study, 
0.3 equivalents of N-benzyl phenylacetamide product with respect to the phenylacetic acid 
was added to the reaction and it was found that the addition of product caused the plots to 
overlap, meaning the presence of product in the solution inhibits the reaction. 
 




As mentioned previously, when using a method such as FTIR that obtains 
conversion data that must be derivatized to obtain rate data, error is introduced into the 
data. This occurs because the conversion data is fit with an imperfect function in order to 
estimate the derivative. For some reactions, such as ones with very high reaction rates, this 
error can be high enough that the data becomes difficult to use. To deal with such a 
problem, Jordi Bures developed an alternate method of analysis that directly uses 
conversion data to obtain reaction order data.36 Simply put, instead of taking the derivative 
and normalizing the y-axis of the rate versus substrate concentration plot, the x-axis of the 
conversion data plot (concentration of product versus time) is normalized by integration.  
The reaction order of each component can then be determined in much the same 




for overlap. Equations 1.9 and 1.10 show the mathematical transformation (change in 
variable) of the rate equation that leads to the new graphical rate equations for two 
substrates [A] and [B].  
− dAdt = kA%B&      . < 
Divide both sides by => to obtain the expression: 
− dAdf@tA = kA% where df@tA = B&dt       . D  
Taking the integral of the new function f(t) using the trapezoid rule to estimate the 
area under the curve gives the normalized time axis that can then be plotted against [A] or 
the concentration of product. If the correct exponent is used, the plots will overlap and the 
reaction order of [B] will be equal to that exponent. 







 The Shenvi group utilized this approach for their Co/Ni-dual catalyzed 
hydroarylation system (Figure 1.10).37 They performed different excess experiments 
varying the concentrations of the catalysts. The curves did not initially overlay, meaning 
the reaction is not zero order in catalyst. Therefore, the curves were normalized by taking 
the integral of the time axis with respect to both catalysts. The plot then overlaps after this 
normalization when the exponent of normalization is one, meaning the reaction is 1st order 









1.4 The Kinetic Resolution  
The type of reaction that the research herein is most concerned with is called a 
kinetic resolution.38-40 In this reaction, two enantiomers together in a racemic mixture are 
separated by forming a product from one enantiomer while the other enantiomer remains 
as unreacted starting material. This allows chromatography to then easily separate the two 
enantiomers based generally on polarity. The success of a kinetic resolution is measured 
by its selectivity for one enantiomer of a substrate over the other enantiomer. This 
selectivity is defined by the ratio of reaction rate of the fast reacting enantiomer to the slow 
one assuming 1st order kinetics in substrate (kfast/kslow).  This ratio is called the selectivity 
factor (s) and a successful resolution is defined as having a selectivity factor greater than 
10.  
Interest in using silyl protecting groups in kinetic resolutions has grown in the last 
decade.41-43 Silicon has always been a common protecting group in synthesis schemes as 
silyl groups are resistant to many reactants that may cleave other substrates and they are 
simple to selectively deprotect using compounds such as tetrabutyl ammonium fluoride.  
Pioneering work by the Hoveyda and Snapper labs produced Lewis base catalysts 




previous work using peptide-based chiral ligands to promote enantioselective alkylations 
of imines.47 The silylation studies utilize an imidazole core attached to a peptide to activate 
silyl chlorides while taking advantage of hydrogen bonding effects produced by the peptide 
backbone to achieve selectivity in reactions. Originally, meso-diols were the focus for the 
enantioselective silylation. They achieved very high selectivity with their substrates (90%+ 
ee) but the reaction required very high catalyst loadings (20-30%), long reaction times (up 
to 120 hours) and had a limited substrate scope. Soon after the initial paper they were able 
to extend the substrate scope to 1,2-diols48 and cyclic triols,49 but the need for multiple 
hydroxy groups on the substrate remained a limitation. 
  
       Figure 1.11 Hoveyda and Snapper Silylation of Diols 
      with a Chiral Imidazole Catalyst 
 
 
The Tan group was able to selectively and asymmetrically silylate a secondary 
alcohol over a primary alcohol in 1,2-terminal diols using a regiodivergent kinetic 
resolution in the presence of the bifunctional catalyst 1.5 (Figure 1.12).50 The catalyst 
forms a reversible covalent bond with each of the two hydroxy groups on the alcohol. This 
results in four possible intermediate structures depending on the stereochemistry of the 
secondary alcohol. These structures are formed with varying selectivity giving a total of 
four different relative rates of reaction. Once the preferred oxygen is bound to the catalyst, 





The asymmetric silylation of diols has also been performed by a desymmetrization 
process catalyzed by a chiral Brønsted acid (Figure 1.13).51 The List group utilized a chiral 
spirocyclic phosphoric acid that protonates the basic hexamethyldisilazane (HMDS) to 
form a chiral ion pair consisting of the chiral phosphate anion and a cationic silane.  The 
nucleophilic attack of the alcohol on the chiral ion pair proceeds through a 
desymmetrization reaction to form enantiopure silylated alcohol product. The reaction was 
highly selective with electron-rich and electron-poor aromatic substrates with enantiomeric 
ratios from 89:11 to 95:5. 
 
       
     Figure 1.12 Regiodivergent Kinetic Resolution of Diols 
 
The Song group also used Brønsted acids to generate chiral anions.52 In this case, 
crown ethers were used as a chiral acid source for the kinetic resolution of secondary 
alcohols (Figure 1.14). The crown ether bears hydrogen bond donors in the form of 
phenolic moieties that interact with the silyl source leaving group to activate the silane 




fluoride to deprotonate the BINOL derived crown ether, activating it to interact with the 
HMDS to form the reactive intermediate. The nucleophilic oxygen then reacts with this 




   Figure 1.13 The List Group Asymmetric Silylation Utilizing 
   a Brønsted Acid 
 
Amberlyst CG 50 is used in the reaction to increase the reactivity of the 
intermediate by re-protonating the potassium salt to help release the silylated alcohol, 
recovering the catalyst. The catalyst loading is extremely low at 1 p.p.m. instead of >20% 
that is often seen in purely organocatalytic reactions, a remarkable decrease. Selectivity 
factors up to 77 were achieved when strong electron withdrawing groups (-I) were placed 

























     
     Figure 1.14 Song’s Kinetic Resolution of Benzylic Secondary Alcohols with  
     a Chiral Crown Ether 
 
Resolution of mono-functional secondary alcohols have also received a lot of 
attention due to the ubiquitous nature of chiral alcohols in high value compounds. The 
Oestreich lab, for instance, spent a lot of effort on the dehydrogenative coupling of the 
silicon-oxygen bond to resolve racemic mixtures of alcohols. The original reaction 
employed a stereogenic silane in the presence of a copper chloride/phosphine ligand (1.6) 
dehydrogenative coupling system based on work by Lorenz, Schubert, and Buchwald.53,54 
This original work shown in part one of Figure 1.15 only found success when the alcohol 
substrate contained a second functional nitrogen moiety to facilitate 2-point binding with 
the catalytic intermediate to obtain an er up to 90:10.55 In follow up work shown in part 
two of Figure 1.15, however, they substituted the copper catalyst for the rhodium based 
Wilkinson catalyst and were able to achieve very high selectivity with multiple substrates 
having an ee>99%.56 
Both previous studies required difficult to synthesize chiral silanes that are not 
practical for large scale use. Therefore, in more recent years, the chiral source of the system 




so that cheap, commercially available hydrosilanes could be used. Part three in Figure 1.15 
shows the reaction of trialkyl hydrosilanes with a copper catalyst complexed with the chiral 
bidentate ligand 1.7 that obtained selectivity factors up to 170 on alcohols with a pi system 
at the 2 position.58 The choice of silane proved to be crucial, with only long chain trialkyl 
silanes showing selectivity. The impact of different copper(I) sources was minimal and 
thus the use of an already commercially available CuCl-NaOtBu was ideal. The conditions 
for the reaction were very mild and high selectivity was achieved at room temperature with 
relatively short reaction times. 
The Wiskur group has successfully resolved a variety of secondary alcohol 
substrate classes using the commercially available catalyst (-)-tetramisole (1.8). The 
catalyst is an isothiourea-based Lewis base catalyst. It is cheap, commercially available, 
and already been effective in acylation processes.59-60 The catalyst in the presence of triaryl 
silyl chlorides and a non-nucleophilic base to remove HCl, was able to successfully resolve 
cyclic, benzylic alcohols with selectivity factors up to 25 (Figure 1.16a).61 Subsequently, 
the levamisole derivative benzotetramisole (1.9) developed by Birman62,63 showed an 
increase in selectivity over levamisole for certain alcohol substrates. Selectivity factors up 
to 100 were achieved in the case of α-hydroxy lactone substrates, with the diethyl 
derivatized lactone shown in Figure 1.16c being the most selective.64 Trans-2-phenyl 
cyclohexanols (Figure 1.16b)65 and trans-2-hydroxycyclohexane carboxylates 
(Figure1.16d)66 were also resolved using the same protocol. The method does have some 
limitations, however. Acyclic alcohols were not very selective (s < 6) and substrates require 
the rigid motif of a pi system on one side of the alcohol and an alkyl system on the other 




determine compatible substrates for use in the system, it would be beneficial to study the 
mechanism of the reaction so that further substrates and/or conditions can be rationally 
designed. This leads to efficiencies in both the reaction itself and in saving time in the 
research of optimization. 
 





The Wiskur group has successfully resolved a variety of secondary alcohol 
substrate classes using the commercially available catalyst (-)-tetramisole (1.8). The 
catalyst is an isothiourea-based Lewis base catalyst. It is cheap, commercially available, 
and already been effective in acylation processes.59-60 The catalyst in the presence of triaryl 
silyl chlorides and a non-nucleophilic base to remove HCl, was able to successfully resolve 
cyclic, benzylic alcohols with selectivity factors up to 25 (Figure 1.16a).61 Subsequently, 
the levamisole derivative benzotetramisole (1.9) developed by Birman62,63 showed an 
increase in selectivity over levamisole for certain alcohol substrates. Selectivity factors up 
to 100 were achieved in the case of α-hydroxy lactone substrates, with the diethyl 
derivatized lactone shown in Figure 1.16c being the most selective.64 Trans-2-phenyl 
cyclohexanols (Figure 1.16b)65 and trans-2-hydroxycyclohexane carboxylates 
(Figure1.16d)66 were also resolved using the same protocol. The method does have some 
limitations, however. Acyclic alcohols were not very selective (s < 6) and substrates require 
the rigid motif of a pi system on one side of the alcohol and an alkyl system on the other 
to have high selectivity. Although these substrate experiments have been useful to 
determine compatible substrates for use in the system, it would be beneficial to study the 
mechanism of the reaction so that further substrates and/or conditions can be rationally 
designed.  
1.5 Conclusions  
 As regulatory agencies and consumers become ever more discerning, the 
production of enantiomerically pure compounds becomes more and more important. The 
need for efficient methodologies that can cut cost and use environmentally friendly 




organocatalysts such as 1.8 and 1.9 that avoid the use of toxic metals continue to have high 
potential due to these factors. The substrate scope of these isothiourea catalyzed silylation-
based kinetic resolutions has shown a robust increase over the last few years but thus far 
no mechanism for such a reaction has been completely studied. The Wiskur group began 
researching the mechanism of the system with linear free-energy relationships back in 
2014.67 
 
Figure 1.16 Wiskur Silylation-Based Kinetic Resolution with Isothiourea-Based 





The Wiskur group began researching the mechanism of the system with linear free-
energy relationships back in 2014.67 The silyl source was substituted with various electron 
donating and withdrawing groups in order to study the effect on the overall rate of reaction. 
Using a Hammett plot, they were able to determine that the reaction mechanism did not 
change with differing silyl chloride and that electronic effects played a larger role than 
sterics in affecting the selectivity. Ultimately, it was electron donating groups that 
increased the selectivity of the reaction system and there is an inverse relationship between 
how the substituents affect the reaction rate (electron donating groups slow down the 
reaction) and selectivity (Figure 1.17). 
 
Figure 1.17 Rate Study of Para Substituted Triphenylsilyl Chlorides 






Chapter two will present a continuation of the mechanistic studies of the Wiskur 
isothiourea catalyzed silylation system using Donna Blackmond’s reaction progress kinetic 
analysis as well as Jordi Bures’ time shifted analysis. A large body of kinetic data with the 
aim to explain the intricacies of how the silylation occurs along with a proposed rate law 
and mechanism will be presented. Chapter three will discuss additional applications of the 
isothiourea catalyzed silylation system that is ongoing research. There will also be some 
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CHAPTER 2 KINETIC INVESTIGATIONS OF ISOTHIOUREA 
CATALYZED SILYLATIONS OF SECONDARY ALCOHOLS 
 
 
2.1 Introduction and Scope 
 Efforts to understand the mechanism of isothiourea catalyzed silylation-based 
kinetic resolutions on secondary alcohols are ongoing and will be discussed in depth in this 
chapter. Despite the commonality of silicon protecting groups, research on silylation 
mechanisms of secondary alcohols for kinetic resolutions is still limited. Both Donna 
Blackmond’s and Jordi Bures’ methods of reaction progress kinetic analysis were used 
with success to determine many important mechanistic parameters of the isothiourea 
catalyzed system.1,2 Ultimately, after the reaction order of each component was 
determined, an overall rate equation was theorized to match the kinetic data and from that 
rate equation a mechanism was postulated. The hypothesized mechanism was then used as 
a guide for additional experiments to learn more about the reactivity of the intermediates 
and how the reaction may be manipulated for optimization
2.2 Previous Investigations of the Silylation of Alcohols 
 The acylation-based kinetic resolution of alcohols using isothiourea catalysts 
developed by Birman have undergone a number of kinetic studies3,5 making it much more 
understood as compared to its silylation kinetic resolution counterpart which has had only 
a few limited studies. In a study done by Birman, they proposed with a computational 




interaction between the alcohol and the catalyst.6,7 They attribute the additional selectivity 
in their system gained from using benzotetramisole 1.9 over tetramisole 1.8 as a result of 
the extended π-system from the additional phenyl ring. The transition state on the right in 
Figure 2.1 shows the interaction of the aryl group of the alcohol with the larger pi system 
of benzotetramisole compared to that of the smaller pi system of tetramisole. 
 
Figure 2.1 Hypothesized Transition States 
of Tetramisole and Benzotetramisole  
with Aryl Secondary Alcohols 
  
Mechanisms for the silylation of hydroxy groups with amino catalysts have been 
worked on by many groups since the 70s when Venkateswarlu and Corey first proposed 
the silylation of hydroxy groups with tert-butyldimethylsilyl chloride (TBDMS) and 4-
dimethylaminopyridine (DMAP).8 That reaction is generally believed to occur similar to 
known acylation mechanisms.9,10 The Hernandez group illustrated a mechanism where the 
silyl chloride reacts with DMAP to form a catalytic intermediate that can then react with 
the alcohol, releasing the catalyst to be reactivated by a base (Figure 2.2).11 Zipse examined 
this type of mechanism by looking at rate changes in different imidazole-based catalysts 
and solvents and found correlations between solvent and rate showing the importance of 
polar solvents on rate and how the stability of the Lewis base-silyl cation adduct has some 






Figure 2.2 Mechanistic Cycle proposed by Hernandez of the DMAP Catalyzed 
Silylation of Unsymmetric 1,2-diols 
 
 
 Initial investigations by the Wiskur group to optimize the isothiourea catalyzed 
silylation system consisted of a linear-free energy relationship study.13 This study altered 
the triphenylsilyl chloride in the reaction by adding various para electron donating and 
withdrawing groups to the phenyl rings. The study determined that electron donating 
groups such as methyl and isopropyl groups slowed the reaction and increased the 




selectivity dropped to as low as 5 when electron withdrawing groups were used. Figure 2.3 
shows the relative selectivity factors for the various substituents. These electronic changes 
were shown to have had a much stronger effect on selectivity than sterics and ultimately, 
the study led to the discovery of a more enantioselective silyl source (para substituted 
isopropyltriphenylsilyl chloride) that has been used in the optimization of additional 
reactions. The initial hypothesis was that the reaction took place similarly to the DMAP 
catalyzed reaction or the acylation reaction, through an SN2-like attack on a catalytic 
intermediate by the alcohol, followed by a deprotonation of the catalyst by the base. 
However, a deeper kinetic study needed to be done to support any form of a mechanism. 
 
Figure 2.3 Wiskur Linear Free Energy Study of Substituted Triphenyl Silyl Chlorides 





Figure 2.4 Mechanistic Cycle for the Acylation of 2-Arylcyclohexanols  
by Homobenzotetramisole 
 
After deciding we wanted to study the kinetics of our isothiourea catalyzed 
silylation system in more detail, we studied the literature for various techniques we wished 
to employ. We then learned of a kinetic study by Wagner and Rychnovsky on the acylation 
of alcohols with homobenzotetramisole 2.1. that employed Donna Blackmond’s reaction 
progress kinetic analysis (RPKA) methodology to determine the reaction orders for the 




order in catalyst, alcohol, and acyl chloride through this method. They then proposed a 
mechanism based on the reaction orders determined by the RPKA analysis (Figure 2.4). In 
their mechanism, the catalyst reacts with one equivalent of anhydride to form a reactive 
intermediate that then interacts with one equivalent of alcohol in the rate determining step 
to form a new complex that finally proceeds through two fast elimintation type steps to 
form the acylated product. We decided to employ his same kinetic analysis (RPKA) to our 
silylation system to determine a rate law of the reaction based on the order of each 
component in the reaction. 
2.3 Experimental Set-up 
 As previously discussed, a kinetic resolution is a competing reaction between two 
enantiomers where one reacts at a much higher rate than the other resulting in a single 
derivatized enantiomer that can be isolated by various separation methods. In an ideal 
kinetic resolution, only the fast reacting enantiomer will form product, therefore only this 
fast reacting enantiomer (meaning the only enantiomer that undergoes the silylation that 
we wish to study) will be used across the mechanistic studies. This simplifies the kinetics 
by not having to discern between two competing rates. Figure 2.5 shows the components 
of the reaction for kinetic analysis. The chosen substrate for the initial experiments was the 
secondary alcohol (R or S)-1,2,3,4-tetrahydronaphthalen-1-ol, also known as tetralol 2.2, 
and the catalysts for the reactions were the two isothioureas, (-)-tetramisole 1.8 and (+ or 
-)-benzotetramisole 1.9. The silyl source was triphenylsilyl chloride 2.3 and finally, the 
reaction was done in the presence of diisopropylethylamine (Hünig’s base, 2.4) to remove 
HCl from the reaction (Figure 2.5). As mentioned, previous silylation kinetic resolutions 




THF at -78 ºC with (-)-tetramisole as the catalyst, is 12. We wanted to use a substrate for 
kinetic analysis that had already shown high selectivity in the silylation system while also 
being commercially available. Therefore, tetralol was an ideal candidate.  
 
    Figure 2.5 Components of Initial Kinetic Experiments 
 
2.4 General Procedure for Analysis 
 Since the original concentration of the kinetic resolution of racemic 2.2 was 160 
mM and the kinetic analysis is only conducted on one enantiomer of 2.2, the concentration 
of (R)-tetralol was kept at half the original value at 80 mM (except for in same excess 
studies), with the other components of the reaction being altered depending on the goal of 
the analysis (Figure 2.6). All kinetic runs take place in a -78 ºC dry ice/acetone bath since 
the silylation kinetic resolutions need to be run at cold temperatures to achieve selectivity. 
All reactions are performed under an argon or nitrogen atmosphere with molecular sieves 




reaction depends on the components of the reaction and varies between a few minutes to a 
few hours. Some reactions occur much faster than others. 
The reactions were monitored in real time via in situ Fourier-transform infrared 
(FTIR) spectroscopy. This analysis determines reaction conversions over time by 
monitoring the increasing or decreasing intensity of light absorption bands at a range of 
wavelengths (~1300-800 cm-1) that contain the silyl ether stretch that corresponds to the 
silylated product. Mettler-Toledo’s iC IR software then can function by isolating the peak 
within this range and output a curve used for analysis. 
 
 
                 Figure 2.6 General Reaction for in Situ IR Analysis Run at 0.08M 
Product concentration was determined by using the Beer’s Law relationship of 
absorbance to concentration by obtaining data from both the FTIR and 1H NMR to 
accomplish this.  Beer’s Law tells us that there is a direct relationship between absorbance 




known constants.  Aliquots of the reaction were taken periodically for 1H NMR analysis to 
obtain reaction conversion. The 1H NMR conversion data serves to construct a Beer’s Law 
curve of the FTIR data by associating the product concentration of a reaction to its 
absorbance data using the relationship in Equation 2.2. The relationship of product 
concentration to the starting concentration of alcohol is then used to determine conversion 
(Equation 2.3). Finally, the concentration of alcohol at any time during the reaction can be 
calculated according to Equation 2.4 using the relationship of conversion and the starting 
concentration of alcohol. The initial absorbance should be subtracted from the observed 
absorbance such that an absorbance of zero corresponds to a concentration of zero. Then a 
plot of absorbance vs concentration can then be graphed to show the concentration of 
substrate at any absorbance, allowing or the graphical analysis of the entire reaction. The 
conversion data can be plotted and compared to 1H NMR data to ensure agreement with 
one another. 
A =  ε c ℓ      @BeerUs LawA         Equation 2.1 
@WMWXA
Y ℓ = c = [Product]         Equation 2.2 
Conversion =  ]^"_`abcdeX               Equation 2.3 
ROH =  ROH@1 − ConversionA      Equation 2.4 
The conversion over time data can then be easily manipulated to gain rate data by 
taking the derivative of the conversion data at every point. To do this, the conversion data 
is smoothed by three points averaging and fitted with an equation produced by statistical 




8 or 9th degree). The smoothing is often necessary to minimize the noise associated with 
derivatization of data. The derivative of the fitted curve then yields d[P]/dt data, or rate as 
shown in the blue curve of Figure 2.7. Generally, only the rate data from approximately 
15% to 80% conversion is used due (green curve of figure 2.7) to the additional noise at 
the beginning and end of the reaction caused by factors unrelated to the mechanism (i.e. 
low concentration of reactants at the end of the reaction and lack of catalyst turnover at the 
beginning).Rate data is essential to analyze reactions using the Blackmond method, while 
conversion data was used to obtain information about the system with the Bures’ Method. 
The details of both transformations will be discussed in subsequent sections.  
 
     Figure 2.7 Example Plot of Conversion Data and Rate Data  




























2.5 Same Excess Study of Isothiourea Catalyzed Silylations of Secondary Alcohols  
Donna Blackmond’s “same excess” studies were performed to check for catalyst 
degradation and/or product inhibition in the isothiourea catalyzed reaction system. This 
study works by setting up two reactions: one that is the model “full” reaction and one that 
mimics the full reaction by starting the reaction with the reagents at the same concentration 
as if 50% conversion had occurred but with no turnover of catalyst having taken place and 
having no concentration of product present in the reaction mixture.  It is then possible to 
gauge whether product inhibits the reaction or catalyst is degrading in the reaction. This is 
done by doing an adjustment of the substrate vs time graphs such that they overlap as if 
they were the same reaction. If these two plots do in fact overlap, then there is no effect on 
the reaction by having those additional turnovers of catalyst or the addition of product to 
solution. Our initial study was done using (-)-tetramisole 1.8 as the catalyst. Two 
experiments were performed where the excess of triphenylsilyl chloride to tetralol stayed 
the same in both reactions but the initial concentrations of both varied from one experiment 
to the other. One run used 80 mM concentration of tetralol and 120 mM of silyl chloride 
and the second used 40 mM of tetralol and 80 mM of silyl chloride leading to an excess of 
40 mM silyl chloride in both reactions. The second experiment mimics what the 
concentration of the silyl chloride and alcohol of the first reaction would be after achieving 
50% conversion. The reactions were monitored by in situ IR and the concentration of the 
alcohol starting material was calculated over time (Figure 2.8).  The second reaction plot 
was shifted in time, until the data from both reactions that had 40 mM alcohol were plotted 




curves that indicated the product does not inhibit the reaction there is no degradation of 
catalyst. Therefore, additional degradation studies were not required. 
 (-)-tetramisole (1.8) (20 mM)
OH OSiPh3
4 Å sieves, THF, -78 °C
(R)-tetralol
Ph3SiCl (2.3) (40 mM excess)
iPr2EtN (2.4) (40 mM excess)
40 & 80 mM  
 
Figure 2.8 Same Excess Plot of (-)-Tetramisole Run at 40 and 80 mM in  
           Alcohol with 40 mM Excess Ph3SiCl Before and After Time-shifting 
 
 
A subsequent set of “same excess” experiments using (-)-benzotetramisole as the 
catalyst showed the additional fused phenyl ring on the catalyst did not lead to any 
instability of the catalyst structure during the reaction. The same excess plots again 




 (-) benzotetramisole (1.9) (20 mM)
OH OSiPh3
4 Å sieves, THF, -78 °C
(R)-tetralol
Ph3SiCl (2.3) (40 mM excess)
iPr2EtN (2.4) (40 mM excess)
40 & 80 mM  
 
      Figure 2.9 Same Excess Plot of (-)-benzotetramisole Run at 40 and 80 mM in  
          Alcohol with 40 mM Excess Ph3SiCl Before and After Time-shifting 
  
2.6 The Different Excess Studies of (-)-Tetramisole Catalyzed Silylation of Secondary 
Alcohols and the General Rate Law 
 The Different Excess Study protocol of reaction progress kinetic analysis is key in 
determining the reaction order for the different components of the silylation system. As 
discussed in chapter one, these experiments are conducted by changing the concentration 
of one substrate in the reaction relative to the other substrates. The difference in 
concentration between the two substrates is defined as the “excess.” The primary function 




the reaction so that one substrate can be defined in terms of the other, simplifying the rate 
equation by the removal of one variable substrate meaning the monitoring of only one 
substrate during the reaction is required. Once the data for multiple runs at different values 
of excess are obtained, graphical rate equation plots can be constructed from the data to 
acquire useful information. A different excess study was done on the catalyst, the base, and 
the silyl chloride of the reaction to obtain an overall picture of the reaction system.  
 The graphical rate equation plots utilize the relationship of reaction components in 
the rate equation. The reaction mechanism proposed by the Wiskur group during the linear 
free energy relationship study is used to determine a rate law. This rate law shown as a 
diagram in Figure 2.10 assumes a reversible step that is the formation of the catalytic 
intermediate between the silyl chloride and isothiourea catalyst. The alcohol then 
undergoes a nucleophilic attack on the catalytic intermediate to form the final silylation 
product. 
 
      Figure 2.10 Rate Law of the Initial Mechanism Assuming  
     Pre-equilibrium 
 
From this, an overall rate equation can be shown based on the formation of product and is 
defined in Equation 2.5. 




 The [Cat-SiCl] term in this equation is a complex variable defined by multiple rate 
constants and cannot be easily measured. We deal with this mathematically by using an 
important kinetic assumption called the pre-equilibrium approximation that allows us to 
perform a change of variables.15 Under this assumption, the catalyst resides mostly in the 
free catalyst state, meaning the rate of formation of the catalytic intermediate (k1) and the 
rate of destruction of the catalytic intermediate, which takes place both through 
disassociation of the catalyst and silyl chloride or by the reaction to form product (k-1 and 
k2), will be equal. The rate laws for the formation and destruction of the catalytic 
intermediate are shown in Equations 2.6 and 2.7. 
rate =  dcat · SiCldt = k/CatSiCl                                                           m. 1 
rate =  − dcat · SiCldt = kjCat · SiClROH + kM/Cat · SiCl          m. 9 
 The preequilibrium approximation means these two rate laws are equal and 
therefore the mathematical relationship (Equation 2.8) can be shown. 
k/CatSiCl = kjCat · SiClROH + kM/Cat · SiCl     m. : 
 This is an equation of two variables. Neither the concentration of free catalyst nor 
the concentration of the catalytic intermediate [Cat-SiCl] is known over the course of the 
reaction. Although the catalytic intermediate cannot be measured, we do know the starting 
concentration of catalyst and the amount of free catalyst during the reaction must be the 
amount of starting catalyst minus the concentration of catalytic intermediate. Equation 2.9 




substituted into Equation 2.8 to give a new equation (Equation 2.10). This leaves only one 
variable remaining in the equation, that of the concentration of catalytic intermediate. 
Cat = Cat" − Cat · SiCl               m. < 
k/@Cat" − Cat · SiClASiCl = kjCat · SiClROH + kM/Cat · SiCl   m. D 
 Now Equation 2.10 can be solved for the unknown variable to give Equation 2.11 
and this new expression can be inserted into Equation 2.5, the overall rate equation, to give 
a final rate law (Equation 2.12) in terms of components that can be either measured or 
monitored. One last simplification to remove the unknown k-1 term will be made by 
dividing the numerator and denominator by k-1 to get what is known as the “One-Plus 
Form” of the rate law (Equation 2.13).16 Removing the k-1 term simplifies the follow-up 
graphical analysis by having all kinetic constants be related to the concentration of a 
component of the reaction (i.e. not a lone kinetic constant in the denominator as before).  
The equation can be rewritten according to Equation 2.14 with equilibrium constant K1,eq 
being equal to k1/k-1. 
Cat · SiCl = k/CatSiClkjROH + kM/ + k/SiCl              m.  
rate = k/kjROHSiClCatkM/ + k/SiCl + kjROH                          m. m 
rate =
k/nM/ kjROHSiClCat
1 + k/nM/ SiCl +
kjnM/ ROH
                         m.  
rate =  	/,pqnjrstuvwvF
1 + 	/,pquvw + njnM/ rst




 This final rate equation is a complex rate law with the concentration of both 
substrates in the numerator and the denominator. It would be very difficult to monitor the 
progress of these changing variables; however, they do have a relationship with one another 
that allows us to monitor the change of just one using the “excess” term previously 
discussed. As one molecule of substrate is consumed, so must a molecule of silyl chloride 
to form one molecule of product based on stoichiometry. 
 To illustrate the results of the different excess experiments and the graphical rate 
equation, the rate law is written in the power law form that assumes the reaction is 
dependent on the catalyst, the alcohol, and the silyl chloride (Equation 2.15). Since the rate 
orders of each component were unknown at this point, they have been left as variables. 
Since the base is assumed to be after the rate determining step, only functioning as an HCl 
scavenger, it was left out of this simple rate law. The graphical rate plots use this function 
to plot data and determine reaction orders and will be discussed in their relevant sections 
(i.e. rate vs [ROH] plot).  
rate = dPdt = K"#$catyROHzSiCl{               m. , 
Previous studies in the group showed that 25 mol% was the ideal amount of catalyst 
for the reaction due to selectivity, but an increase in catalyst concentration did lead to 
higher conversions,17,18 prompting an assumption that there is an increase in rate as the 
concentration increases and therefore having a positive order in the rate law. The rate 
determining step of the reaction is hypothesized to be the reaction of one equivalent of silyl 
chloride/catalytic intermediate with one equivalent of alcohol. Based on this one to one 




 Four different excess runs were conducted by our group with alcohol and silyl 
chloride concentrations staying constant while the catalyst concentration varied from 15-
50 mol% with respect to the alcohol (Figure 2.10). These excess values were chosen to 
encompass a central value of 25 mol% where the reaction had been previously optimized 
for selectivity. 
 
                  Figure 2.10 Reaction Scheme for the Different Excess  
    Study of (-)-Tetramisole at 0.08 M in Alcohol 
  
The data was first plotted as a graphical rate equation of rate vs. alcohol 
concentration (Figure 2.11a). The data does indeed show a positive order in catalyst; 
however, the data loses some of its linearity after approximately 50% conversion and 
becomes more zero order like in shape. As the reaction is complex in nature, the change in 
curve may be due to several factors in the reaction not limited to the order of the catalyst.  
Therefore, to isolate the effect of catalyst on the reaction, the data is normalized by 
dividing the rate of the reaction by the initial catalyst concentration as shown in Equation 
2.16 based on the power law equation. This means that the rate data should no longer be 
dependent on the concentration of the catalyst.  The order of the catalyst is determined by 
the value of the exponent of the catalyst when the plots overlap (Figure 2.11b). When an 
order of one was chosen for the catalyst, the runs overlaid in the normalized plot. Despite 




means there are other factors in the reaction contributing to nonlinearity that must be 
analyzed. 
rate













Figure 2.11 Different Excess Plots at 0.08 M with Catalyst (1.8) at 15-50 mol% of 
Alcohol  
 
 The effect of Hünig’s Base on the reaction rate was previously studied by the 
Wiskur group using both the initial rate method and the different excess method. The initial 
































that looked at the first 10-15% conversion of the reaction and found no effect on rate with 
a change in base concentration. There were some slight changes in reaction rate from 
experiment to experiment, but no trends were found as shown in Figure 2.12.   
 
 
Figure 2.12 Initial Rate Study of Base Run at 0.08 M with 0.5-3.0 Equivalents 
Of Hünig’s Base and 50 mol% Catalyst (1.8)  
 
 
Two runs using the different excess method were also performed to support the 
conclusion of the initial rate study. The graphical rate equation of rate versus the 
concentration of alcohol was plotted showing immediate overlap in the plots (Figure 2.13). 




























base. In the context of an overall mechanistic picture, this means the base only participates 
in a fast deprotonation step after the rate determining step and has no effect on the catalytic 
intermediate or the reactivity of the alcohol on that intermediate. Therefore, the proposed 
rate law is correct in omitting the concentration of base from the law. 
 
 
    Figure 2.13 Different Excess Study of iPr2NEt (Hünig’s Base) at 0.08 M 
    with 50 mol% Catalyst and Base at 1.0 and 3.0 Equivalents to Alcohol 
 
 The reaction orders for both tetralol and triphenylsilyl chloride can be determined 
with the same set of different excess experiments since excess is dependent on both species 
as it is defined by a static difference in concentration of both species over the course of the 















ranging from 0.75 to 2.0 equivalents with respect to the alcohol while the base was kept at 
the same concentration as silyl chloride. The reason the base was altered to match the 
equivalents of silyl chloride is because one equivalent of HCl is formed for every silyl 
chloride reacted, and the removal of HCl is needed for the reaction to function. Since the 
base is zero order in the reaction, the effect of changing base concentration on the system 
should be irrelevant in the data analysis (Figure 2.14). 
(-)-tetramisole (1.8) (0.25 equiv)OH OSiPh3
4 Å sieves, THF, -78 °C
(R)-tetralol
Ph3SiCl (2.3) (0.75-2 equiv)
iPr2EtN (2.4) (0.75-2 equiv)
80 mM  
Figure 2.14 Reaction Scheme for Silyl Chloride  
and Alcohol Different Excess Experiments  
  
Graphical rate equations were again used to determine the order of each component 
by normalizing each plot to the component being investigated. Dividing out the 
concentration of one component raised to a power from the rate gives the reaction order of 
that component. Both plots were initially constructed under the assumption that the reaction 
would be first order in both alcohol and silyl chloride (Equations 2.17 and 2.18). 
rate
ROH/ = K"#$SiCl{Caty             m. 9 
rate




 When all four reactions are plotted after normalization to the alcohol (rate vs [SiCl], 
there is indeed an overlay of the data. This means the reaction is first order in alcohol and 










        Figure 2.15 Different Excess Plot After Normalization of Alcohol to an  
        Order of One at 0.08 M with Ph3SiCl at 0.75-2.0 Equivalents to Alcohol 
 
 
However, when the data was plotted after normalizing the concentration of silyl 
chloride to a power of one, the plot of [ROH] to rate did not overlap (Figure 2.16A) 
indicating our hypothesis of first order in silyl chloride was not correct. Therefore, a simple 
trial and error approach of dividing the rate by different fractional orders of silyl chloride 
was performed until ultimately, the plots overlapped at a higher reaction order of 1.5 in 







incorrect and that the mechanism must be altered to include two equivalents of silyl 
chloride. 
 
Figure 2.16 Normalization of Silyl Chloride Concentration 
to the Orders of 1 and 1.5 to Determine the Correct Reaction  
Order 
  
The order in silyl chloride was also determined for the silylation of tetralol in the 
presence of (-)-benzotetramisole as the base. As this catalyst is our second commonly used 




the additional pi system in the catalyst structure had any affect on rate and/or mechanism. 
Two “different excess” studies were set up using 1.0 and 1.5 equivalents of silyl chloride 
to (R)-tetralol with Hünig’s base equimolar to the silyl chloride (Figure 2.17). The two 
experiments were then plotted together as alcohol vs. Rate with the silyl chloride 
concentration divided out of the rate at various exponents until the correct exponent 
corresponding to the order in silyl chloride was found. The result was very similar to the 
(-)-tetramisole kinetic experiments, with plot overlap occurring when the silyl chloride 
order was set to 1.5. This means there is no change in mechanism between the two 
isothiourea catalysts and both require two equivalents of silyl chloride to function, with the 
catalyst population lying somewhere between free catalyst and Int 1. 
2.7 Hypothesizing a New Reaction Mechanism 
 The determination of the silyl chloride order being greater than one prompted a 
revisiting of the overall reaction mechanism. A second equivalent must be present in the 
mechanism and since it is incredibly improbable that two equivalents of silyl chloride and 
an equivalent of catalyst all react in one step,19 two subsequent steps representing the first 
equivalent reacting with the catalyst to form the first intermediate (Int 1) and then a second 
equivalent reacting with that intermediate to form a second intermediate (Int 2), is 
proposed. (Figure 2.18). We hypothesized that Int 1 forms as a pentacoordinate species. 
Hypervalency is a common phenomenon with silyl chlorides that has been observed in 








     Figure 2.17 Different Excess Reactions and Plot at 0.08 M in  
     (R)-tetralol with 25 mol% (-)-benzotetramisole 
 
 The formation of this pentacoordinate species rationalizes the requirement that two 
equivalents of silyl chloride be part of the mechanistic cycle as it is not probable for the 
catalyst to separately interact with two equivalents of the electrophile. The reaction order 
is 1.5 rather than 2 because the concentration of these intermediates combined with the 
concentration of free catalyst in the rate law results experimentally in the appearance of a 































Different Excess Plots Using (-)-BTM as 









Figure 2.18 A Proposed Mechanism for the Isothiourea Catalyzed  
Silylation of Secondary Alcohols 
  
The hypothesized mechanism consists of three overall catalytic resting states, free 
catalyst and two different catalytic intermediates. The first equivalent of triphenylsilyl 
chloride interacts with catalyst to form a pentacoordinate silicon intermediate between the 
sp2 nitrogen of the catalyst and the silyl chloride (Int 1).  A second equivalent of silyl 
chloride is proposed to interact with Int 1 to remove the chloride resulting in a tetrahedral 
reactive intermediate (Int 2). This is followed by the rate determining step where the 
nucleophilic oxygen of the alcohol reacts with Int 2 to form a cationic silylated alcohol. 
This is then deprotonated in a fast step by the Hünig’s base to give the final product.  This 





Figure 2.19 New Rate Law Based on Experimental Kinetic Data Containing Two 
Catalytic Intermediates 
 
The same algebraic transformations used previously can be used to derive a new 
rate equation based on the proposed law. Equation 2.19 shows the final “One-Plus Form” 
rate law of the new mechanism. The numerator represents the overall elementary rate 
equation and the three terms in the denominator of the equation represent the three catalytic 
resting states within the mechanism where the “1” term represents free catalyst, the 
K1,eq[Si] term represents the equilibrium to form and disassociate Int 1,  and the 
K1,eqK2,eq[Si]2 term represents the equilibrium to form Int 2 that is dependent on both rate 




1 + K/,~SiCl + K/,~Kj,~SiClj           m. < 
When the concentration of one of these three resting states is much higher than the 
other two, the equation can be simplified by eliminating the terms representing the less 
populated resting states to approximate a solution. It is the order of the silyl chloride that 
tells us which of the resting states is most highly populated. For instance, the observed 
order of 1.5 that was determined for triphenylsilyl chloride in the reaction system means 
the catalyst mostly populates the free resting state and Int 1. If the silyl chloride is an order 




to the exponential rate equation shown in Equation 2.20. The [SiCl]2 term is still present as 
the reaction is dependent on two equivalents of silyl chloride.  
rate = k^_$K/,~Kj,~Si
jROHcat
1           m. mD 
If the silyl chloride is observed as an order of one, then it means the K1,eq[Si] term 
dominates and the other two terms in the denominator in Equation 2.18 can be removed. 
This results in Equation 2.21 where [SiCl] is in both the numerator and denominator and 
so the equation can again be simplified such that only one equivalent of [SiCl] is left in the 
equation and K1,eq can be removed, resulting in a first order dependency (Equation 2.22). 
rate = k^_$K/,~Kj,~Si
jROHcat
 K/,~Si           m. m 
rate =  k^_$Kj,~SiROHcat                             m. mm         
 Overall, since our reaction shows an order of 1.5 in silyl chloride, the equation does 
not exactly simplify to either Equation 2.20 or 2.22, but these equations give a visual 
representation of the catalyst resting states and how the kinetics behave in these different 
situations are important in the follow-up studies into the mechanism that will be discussed. 
2.8 Studies to Support the Proposed Mechanistic Cycle 
 Thus far, we have shown the reaction orders of each component of the reaction and 
proposed a mechanism. However, the identity and existence of the catalytic intermediates 
have so far been very difficult to definitively detect. Many NMR studies were performed 
by the Wiskur group to obtain an NMR active intermediate of catalyst and silyl chloride 




species was identified that was pentacoordinate in nature. Additionally, we sometimes saw 
species that appeared to be hydrolyzed silyl chloride and was hard to discern the presence 
of a new species of silyl chloride interacting with the catalyst. This could be because the 
concentration of the intermediate at any one time is extremely small or perhaps the 
interaction is less covalent in nature and more electrostatic.  In any case, a more indirect 
approach to obtain information about the two hypothesized intermediate species would 
have to be pursued. Therefore, a new set of experiments that change the system with 
additives was designed. Additionally, some 1H NMR studies were conducted to look for 
any noticeable interaction between the catalyst and silyl chloride. Although we did not see 
any pentacoordinate silicon species in silicon NMR, we thought to check for a weaker 
interaction that could be seen by measuring the chemical shift of the proton NMR. We also 
took extreme care to exclude water in the solution by using glove box techniques and sealed 
NMR tubes.   
2.9 Probing the Mechanism with the Additive Sodium Tetrakis [3,5-
bis(trifluoromethyl)phenyl] Borate (NaBArF) 
 Since a direct NMR approach to support the hypothesized mechanism has proven 
to be difficult, we wanted to learn more about the system by introducing compounds into 
the reaction that have a predicted effect on the catalyst resting state. The catalyst resting 
state seems to lie between free catalyst and Int 1.  Since the key to forming Int 2 is the 
removal of the chloride from the pentacoordinate silicon, we hypothesized that we could 
push the equilibrium towards Int 2, by introducing additives that sequester chloride anions. 
This would push the catalyst resting state from the majority of free catalyst to Int 2. This 




from the first to second intermediate in our proposed mechanism happens via a second 
equivalent of silyl chloride removing the chloride anion from the first intermediate. If a 
new compound is introduced that can perform the same job, the rate should increase and 
the population of the free catalyst should drop, lowering the reaction order.  
When choosing an additive for this examination, it is of utmost importance that 
these compounds do not interact with the system in such a way that threatens a change in 
the mechanistic cycle. Therefore, compounds with nucleophilic and electrophilic atoms 
were avoided. The non-coordinating ion sodium tetrakis[3,5-bis(trifluoromethyl)phenyl] 
borate (NaBArF, 2.5) was chosen as the ideal candidate for the initial study for its ability 
to remove chloride anions from solution by relying on the insolubility of NaCl.  As NaCl 
forms in the solution, it precipitates out removing the chloride anion and driving the 
reaction to Int 2 (Figure 2.20). 22,23 
 
      Figure 2.20 Sodium Tetrakis [3,5-bis(trifluoromethyl)phenyl] 
     Borate 
 
The additive was introduced into the reaction at an equimolar concentration to the 
silyl chloride to ensure all the catalytically bound silyl chloride had an equivalent amount 




excess study was designed as two runs with the alcohol concentration staying constant and 
the NaBArF and silyl chloride concentrations changing (Figure 2.21). The catalyst (-)-
tetramisole was used for this study as previous studies showed the selectivity for the 
substrate was higher than when using benzotetramisole.  
 
Figure 2.21 Reaction Scheme for the Difference Excess  
Study using NaBArF as an Additive at 0.08 M 
  
Interestingly, the additive 2.5 increased the rate of the reaction by roughly four 
times that of the reactions without the additive, and the experiments finished reacting 
within an astounding 8 minutes. Unfortunately, there was a challenge in obtaining  data for 
the Blackmond method because of the increased noise associated with the rate increase. 
The instrument is limited to taking a spectra every 15 seconds, and so when the reaction 
rate is very fast, there is a large change in concentration over these 15 second intervals. 
Therefore, the curve is not as smooth and then when trying to take the derivative of the 
data to obtain rate, the problem is exacerbated. The three-point averaging cannot be used 
due to the large change in concentration and the curve-fitting is not very accurate. However, 
the method developed by the Bures group2 was created for just a situation as it can be 
performed directly from conversion data, therefore reducing the error involved in the 
repeated data manipulation of taking a derivative and fitting an equation to that derivative. 




according to Equation 2.23. The integral of the concentration of silyl chloride with respect 
to time was estimated by the trapezoid rule raised to the exponent β representing the order 
of silyl chloride. This method normalizes the time between the data points by an average 
concentration of the points, removing the dependency of silyl chloride on the reaction 
assuming the correct exponent was used. Plotting the product concentration versus 
normalized time of the different excess runs at the correct order results in the plots 
overlapping (Figure 2.22). The two curves only overlapped when the order of the silyl 
chloride was adjusted to 0.35. This means the catalyst resting state has shifted from 
between the free catalyst and intermediate 1 to more towards the 2nd intermediate of the 
proposed rate equation. 
E@tA =  H SiCl&dt ≈ K@SiCl + SiClM/2 A&@t − tM/A

N/




A reaction order between zero and one in silyl chloride means the rate of formation 
for both intermediates k1 and k2 from the mechanistic cycle are so large that they become 
inconsequential compared to the rate-determining step and the reaction is mostly dictated 
by krds. This can be modelled in the rate equation by showing the K/,~Kj,~Sij term in 
the denominator of Equation 2.24 as dominant to the other two terms, allowing an 
approximate simplification of the equation to that of Equation 2.25. Cancelling out like 
terms gives Equation 2.26, illustrating the reaction’s dependence mostly on the rate 
determining step and a reaction order nearing zero in silyl chloride due to a new equilibrium 
lying between Int 1 and Int 2 (Figure. 2.23). A reaction order between zero and one in silyl 
chloride means the rate of formation for both intermediates k1 and k2 from the mechanistic 




and the reaction is mostly dictated by krds. This can be modelled in the rate equation by 
showing the K/,~Kj,~Sij term in the denominator of Equation 2.24 as dominant to the 
other two terms, allowing an approximate simplification of the equation to that of Equation 
2.25. Cancelling out like terms gives Equation 2.26, illustrating the reaction’s dependence 
mostly on the rate determining step and a reaction order nearing zero in silyl chloride due 
to a new equilibrium lying between Int 1 and Int 2 (Figure. 2.23). 
rate = k^_$K/,~Kj,~Si
jROHcatb"b
1 + K/,~Si + K/,~Kj,~Sij           m. m+ 
rate = k^_$K/,~Kj,~Si
jROHcatb"b
K/,~Kj,~Sij          m. m, 
rate = k^_$ROHcatb"b                                     m. m1 
 
Figure 2.22 Different Excess Plot to Determine Reaction Order of Silyl Chloride 
in the presence of NaBArF using the Bures Time Normalization Method Run at  





















Ph3SiCl Kinetics With NaBArF at and Order of 0.35 
1.0 equiv. Silyl Chloride





Figure 2.23 Simplified Rate Equation for a Reaction Order of 0.5 
in Silyl Chloride and Mechanistic Cycle with Highlighted Catalyst 
Resting State and Rate Determining Step 
 
2.10 1H NMR Binding Study Shows the Effect of NaBArF 
 Although the presence of no new silicon species was detected via COSY silicon 
NMR with or without the presence of NaBArF, an appreciable shift in the proton alpha to 
the sp2 nitrogen at the chiral center of (-)-benzotetramisole in a mixture of (-)-
benzotetramisole and triphenylsilyl chloride was detected that might indicate an interaction 
between the reactive nitrogen on the catalyst with the silyl chloride. A series of experiments 
presented below were designed to determine the strength of the interaction between 
benzotetramisole and triphenylsilyl chloride alone and in the presence of NaBArF. We 




the reaction, therefore preventing an equilibrium between Int 1 and Int 2, resulting in a 
tighter interaction between Benzotetramisole and the silyl chloride, meaning that since the 
observed reaction order of silyl chloride in the presence of NaBArF was a result of an 
increased concentration of Int 2, we predicted the binding constant for the interaction 
between (-)-benzotetramisole and triphenylsilyl chloride will also increase.  
The concentration of the catalyst was kept constant while the amount of the silyl 
chloride was changed from 0.0-8.0 equivalents to the catalyst for experiments without 
NaBArF and from 0-5.0 equivalents for experiments in the presence of NaBArF. Both sets 
of experiments were done in THF since that is the solvent used in our kinetic resolutions 
and it contributes to an increased selectivity factor compared to other less coordinating 
solvents such as dichloromethane. The NMR chemical shift in the alpha proton to the 
reactive nitrogen atom on the catalyst was monitored for each experiment and plotted 
against the concentration of silyl chloride (Figure 2.24). A value for Ka, the binding 
constant, was determined using a method by Williamson called chemical shift 
perturbation.24 A 1:1 binding of the silyl chloride to the catalyst is assumed and using the 
mathematical models developed by Williamson in conjunction with Excel’s solver function 
to determine equilibrium constants by matching the variables of the equation to the 







Figure 2.24 General Scheme of NMR Binding Study of the Interaction Between 
(-)-Benzotetramisole and the Silyl Chloride Run at 0.08-0.16 M 
 
In the experiments containing only silyl chloride and catalyst, only a very small 
proton shift upfield was measured (Figure 2.25). This means there is some interaction 
between the catalyst and silyl chloride, but that it could be due to other factors outside of 
the formation of a new species such as weak electrostatic interactions that increase with 
the increasing concentration of silyl chloride. The case with NaBArF, however, is much 
different. Figure 2.26 shows a large shift downfield in all three alky protons of 
benzotetramisole. This downfield shift makes sense in the context of forming Int 1 due to 
the cationic nitrogen that is created upon the formation of Int 1. Additionally, the 
broadening of the peaks is an indication of an equilibrium of free catalyst and Int 1. 
Interestingly, another new species appears on the NMR spectra in increasing concentration 




downfield, which we hypothesize could be the formation of Int 2 which loses the anionic 
silicon after the removal of the chloride atom, resulting in a downfield shift. Additional 
experiments need to be run that increase the silyl chloride concentration without NaBArF 
in solution to try and shift the equilibrium toward Int 2 in enough concentration that the 
new species can be measured in the experiments without NaBArF to help support the 
identification of the reaction intermediates in NMR.  
 
Figure 2.25 1H NMR Experiments to Determine the Shift in Three 







                        
Figure 2.26 1H NMR Experiments to Determine the Shift in Three 
            Alkyl Protons of (-)-Benzotetramisole with 1-5 Equivalents NaBArF 







2.11 Addition of Chloride Anions into the System 
 Since the reaction requires a higher order of silyl chloride to form product, we also 
wanted to probe for changes in the system when an additional chloride source is added to 
the system. Chloride anions are known to increase the reactivity of silylation reactions by 
forming more electrophilic pentacoordinate species due to the increased electron 
withdrawing groups on the silicon as shown in the right structure in Figure 2.27.25,26  
 
Figure 2.27 Increased Electrophilicity at  
Silicon Center Due to Pentacoordinate 
Complex Formation 
 
The additional chloride in solution could shift the catalytic resting state without 
affecting the overall mechanism of reaction by pushing the formation of Int 1. Again, a 
different excess experiment was performed with an unchanging concentration of alcohol. 
The silyl chloride concentration was varied between 1.0-1.5 equivalents to (R)-tetralol (2.2) 
with (+)-benzotetramisole (1.9) as the catalyst. An equivalent amount of benzyltributyl 
ammonium chloride relative to the silyl chloride was used as the chloride additive. This 
chloride source was chosen primarily due to its solubility in THF when compared to other 
chloride salts. The graphical rate equation of alcohol versus the normalized rate was plotted 




the silyl chloride concentration, meaning the reaction was now an observed 1st order in silyl 
chloride (Figure 2.28). The shift of the silyl chloride to 1st order indicates the resting state 
of the catalyst has shifted to a larger majority of Int 1 in the hypothesized mechanism. This 
occurred with the rate of reaction remaining essentially unchanged, meaning the rate of 












Figure 2.28 Different Excess Plot at 0.08 M with 1-1.5 Equiv. Benzyltributyl 



































To ensure the additional chloride was promoting the current mechanism and not 
merely catalyzing a separate reaction, a background reaction was conducted that was run 
without tetramisole or Benzotetramisole that achieved no conversion. A kinetic resolution 
in the presence of the chloride salt was also run that showed little change in the selectivity 
factor, having an s = 10.3 with the tributylbenzyl ammonium chloride additive versus a 
selectivity factor of 12 without it (Figure 2.29).   
 
Figure 2.29 Background Reactions for 0.6 Equiv. Bu3NBnCl in the Silylation of 
Racemic Tetralol at 0.42 M  
 
Therefore, it can be reasoned that the same mechanistic path is being followed and 
only the resting state of the catalyst has changed (Figure 2.30). With the change in the 
resting state, the rate equation can be simplified with the K/,~Si term in the denominator 
of Equation 2.27 now being dominant to the other two terms, removing them and forming 
Equation 2.28. Like terms in the numerator then cancel out leaving with the simplified rate 
Equation 2.29. The reaction is now only dependent on the rate determining step and the 
formation of Int 2 (K2 and krds). Int 1 immediately reacts in the presence of additional 






1 + K/,~Si + K/,~Kj,~Sij                 m. m9 
rate = k^_$K/,~Kj,~Si
jROHcatb"b
K/,~Si           m. m: 
rate = k^_$Kj,~SiROHcatb"b                      m. m< 
 
 
       Figure 2.30 Mechanistic Pathway and Equations for the Case if Observed  
       Change to 1st Order in Silyl Chloride When Benzyltributyl Ammonium  







2.12 Reaction Order of Silyl Chloride with N-Methyl Imidazole 
 A common nucleophilic catalyst in silylation reactions is the imidazole derivative 
N-methyl imidazole. Like isothioureas, the reactive atom is a nucleophilic nitrogen. The 
molecule is much smaller than isothioureas, therefore any steric hindrance in a reaction is 
minimized (Figure 2.31).  








2.7 1.9  
     Figure 2.31 Two Catalysts to be Compared  
     for the Order in Silyl Chloride 
 
A “different excess” experiment using N-methyl imidazole was set up to compare 
whether the mechanism of alcohol silylation changes when employing an achiral imidazole 
catalyst versus chiral isothioureas. Two runs were performed using 25 mol% N-methyl 
imidazole with the (R)-tetralol concentration at 80 mM and triphenylsilyl chloride 
concentration at 0.8-1.0 equivalents relative to the alcohol. The reactions each finished 
within 10 minutes again leading to issues with noise when taking the derivative, so the 
Bures method was preferable to analyze the conversion data of the two reactions. The 
curves overlapped when the time was normalized to a power of 0.7 in silyl chloride and 





The large increase in rate is interesting because the nucleophilicity of N-methyl 
imidazole was shown by Mayr to be less than isothioureas by 5 to 20 times depending on 
the structure.27 This means the sterics of the isothioureas plays a large role in the rate of 
reaction for this system. This combined with prior research by the group that looked at how 
increased sterics on the triphenyl silyl chloride increased the selectivity and decreased the 
rate of reaction, illustrate the overall importance of sterics in this methodology. When 
looking at the rate in terms of the mechanistic cycle, the change in catalyst to N-methyl 
imidazole increased the reactivity with the silyl chloride such that the catalyst resting state 
shifts to Int 2 and the rate is almost completely dependent on the rate determining step as 
the formation of the two intermediates is very fast. We’re making an assumption that the 
reaction follows the same mechanism due to the fact that we see similar trends in how the 
reaction rate drops significantly at around 50% conversion and because we still see a partial 
order in silyl chloride. If the mechanism changed, for instance, to a typical SN2 type 
reaction, we would expect an order of one in silyl chloride. It appears then, that much like 
in the case of the reaction in the presence of NaBArF, the mechanism did not appear to 
change.  
2.13 Comparing the Order of Triphenylsilyl Chloride to Alternate Silyl Chlorides 
 Since the importance of sterics on the system has been shown by our group, first 
with linear free energy relationships and again now with the change in catalyst, we wanted 
to examine the effects of removing sterics on the silyl chloride on the rate law. Different 
excess experiments were set up using two alternative silyl chlorides, methyldiphenylsilyl 
chloride and dimethylphenylsilyl chloride with the goal of looking at the change in reaction 






Figure 2.32 Different Excess Plot to Determine Silyl Chloride Order with 25 mol% 
N-Methyl Imidazole and 0.8-1.0 Equivalents Ph3SiCl 
 
 Two reactions were run with methyldiphenylsilyl chloride equivalents of 0.75 and 
1.0 to (S)-tetralol (2.2) with (+)-benzotetramisole (1.9) as the appropriate catalyst to the S 
enantiomer of alcohol. The reactions were very fast (about twice as fast as with NaBArF, 
and 8 times faster than triphenyl silyl chloride) and completed in approximately 15 minutes 
therefore the Bures method was used to determine the order in silyl chloride. The two plots 
overlapped at a normalization of 1.25, meaning the reduction in sterics on the silyl chloride 
by removing one of the phenyl groups caused a small shift of the catalytic resting state to 






























Figure 2.33 Different Excess Reactions at 0.08 M with 0.8-1.0 Equivalents    
MePh2SiCl Using 25 mol% (-)-BTM as Catalyst 
 
To go further, the sterics were further reduced by substituting a second phenyl 
group from the silyl chloride with a methyl and studying the effect on the rate of the 
reaction and the order in silyl chloride. Two different excess experiments were run with 
dimethylphenylsilyl chloride as the silylating reagent. The amount of silyl chloride in the 
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benzotetramisole (1.9) as the catalyst. The rate of reaction again sped up compared to the 
more sterically hindered silyl chloride species methyldiphenylsilyl chloride and 
triphenylsilyl chloride, finishing in under 6 minutes. However, despite the change in rate, 
when Bures’ method is employed to find the reaction order, it remained essentially 
unchanged from the methyldiphenylsilyl chloride runs. The plots overlapped when the silyl 
chloride concentration was normalized to a reaction order of 1.2 (Figure 2.34). This means 
the resting state of the catalyst is still between free catalyst and Int 1 as it is with 
triphenylsilyl chloride, with a slight shift to Int 1 that is probably the result of the decreased 
sterics on the silyl chloride. 
2.14 Additional Mechanistic and Kinetic Resolution Studies  
After the success in utilizing additives to affect the reaction by increasing the rate 
with only a small effect on the selectivity factor, we wanted to explore other potential 
additives that may affect the reaction in the same way as NaBarF, removal of chloride from 
the reaction mixture, but also increase the selectivity of the reaction. A class of compounds 
called thioureas have recently been used as hydrogen bond acceptors to facilitate 
reactions.28,29 The Jacobsen group has shown multiple cases where the thiourea binds 
directly to a chloride anion to catalyze reactions by removing the chloride leaving group 
from a reaction, leaving a charged electrophile that is highly susceptible to nucleophilic 
attack. For instance, a chiral thiourea was used to catalyze a Piclet-Spengler cyclization 
reaction by binding to the chloride leaving group of the electrophile that leads to cyclization 
(figure 2.35a) and another chiral thiourea was used to catalyze the addition of nucleophiles 






Figure 2.34 Different Excess Reactions at 0.08 M with 0.8-1.0 Equivalents Me2PhSiCl 
Using 25 mol% (-)-BTM as Catalyst 
 
 
In the case of our silylation system, chiral or achiral versions of these thioureas are 
hypothesized to interact with Int 1 to remove the chloride as in the case with NaBArF, 
which is the counterion to the silylated catalyst Int 2, and induce a more favorable chiral 
transition state with the alcohol due to the close proximity of the chiral counterion, leading 
to a higher selectivity for the major product enantiomer. An initial different excess study 
was first conducted using the achiral commercially available N,N′−bis 
[3,5−bis(trifluoromethyl)phenyl]-thiourea (Schreiner’s thiourea catalyst, 2.8) in equivalent 
amount to the catalyst. Two runs containing 1.0 and 1.5 equivalents of triphenylsilyl 
chloride with respect to tetralol (2.2) were performed and analyzed for the rate and the 


















Normalized Time = Σ([SiCl]1.2)Δt







Figure 2.35 Two Examples of Reactions Catalyzed by Chiral Thioureas Via a 
Chloride Binding Mechanism by the Jacobsen Lab 
 
The rate of reaction was found to be about twice that of the reaction without the 
additive. The graphical rate equation of [ROH] against [rate] using the Blackmond method 
was then constructed and overlap between the two runs was attained when the reaction 
order of the silyl chloride was assigned a value of 0.6 (Figure 2.36). This result matches 
the other anion interacting additive NaBArF. Again, the catalyst resting state shifted such 
that the reaction is almost entirely dependent on the rate-determining step and the 
concentration of silyl chloride has little effect.  However, despite being faster reacting than 
no additive at all, the rate with the Schreiner’s catalyst did not increase by the same factor 
as in the NaBArF experiment. This is probably a consequence of the interaction with the 
chloride being much weaker through hydrogen bonding than the case of removing the 






    Figure 2.36 Different Excess Reactions at 0.08 M with 1-1.5 Equivalents Ph3SiCl 
    and 1-1.5 Equivalents Schreiner’s Thiourea with 25 mol% (+)-BTM  
 
A kinetic resolution with the additive was conducted to check for changes in 
selectivity in the reaction (Figure 2.37). The additive was again used in equimolar amounts 
























in the original reaction. The selectivity factor dropped to 9.4 from a value of 12 without 
the additive. The drop in the selectivity factor is minimal considering the large change in 
the reaction order of silyl chloride. Combined with the kinetic study, it is apparent there is 
an interaction between the thiourea and the catalytic intermediate and that it does not 
eliminate the selectivity of the kinetic resolution. This bodes well in the search for a chiral 
thiourea that leads to an overall increase in selectivity while maintaining a rate increase by 
simultaneously hydrogen bonding with the chloride to shift the equilibrium of the catalyst 
while also providing a more favorable chiral transition state for the reaction of one 
enantiomer of alcohol over the other. 
 
Figure 2.37 Kinetic Resolution of Tetralol with Schreiner’s 
Thiourea Catalyst Additive at 0.42 M in Tetralol 
 
An experimental screening of five chiral thioureas was conducted by running single 
kinetic resolution experiments to determine general selectivity factors for each. Three of 
the thioureas were substituted with increasing sterics on one side of the thiourea group. 
Both (+) and (-)-benzotetramisole 1.9 were tested with each as it is unknown which 
stereochemistry could result in the ideal intermediate formation. The last two compounds 
were dithiourea compounds connected through either a cyclohexane ring or a phenyl 
substituted ethyl group to see if there is an increased interaction with the catalyst through 
the additional hydrogen bonding sites that leads to a higher selectivity factor. To quickly 




excess to determine an approximate selectivity factor. Figure 2.38 shows the structures of 
each chiral thiourea and the selectivities achieved with each. So far none of the chiral 
thioureas resulted in higher selectivity factors than the kinetic resolution of tetralol with 
triphenylsilyl chloride and no additive, and mostly achieving a similar selectivity factor to 
those reactions. 
2.15 Conclusions 
 A large body of mechanistic investigations have been carried out to hypothesize a 
mechanistic cycle for isothiourea catalyzed kinetic resolutions of alcohols with silyl 
chlorides and to examine changes in the cycle in multiple different ways. Different excess 
studies on the original reaction system determined the reaction is 1st order in alcohol and 
in both isothiourea catalysts. Neither catalyst demonstrated any degradation during the 
reaction and product concentration did not inhibit the reaction. The system is zero order in 
Hünig’s base suggesting it is only involved in the reaction after the rate determining step 
as a final deprotonation step to regenerate active catalyst. The higher observed order of 1.5 
in silyl chloride indicates a complex reaction not initially hypothesized in previous linear 
free energy relationship studies. A mechanism involving the formation of two 
intermediates was proposed with the catalyst residing mostly in the free catalyst state. This 
is indicated both by the reaction order of 1.5 which shows the formation of each catalyst is 
slow and imposes a considerable effect on the overall rate of reaction. This result is also 
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Figure 2.38 Chiral Thioureas Screened for Selectivity Factor (s) as an  
Additive in Isothiourea Catalyzed Silylation of Secondary Alcohols Run 
At 0.42 M with 25 mol% (+) or (-)-BTM 
 
 A series of different excess experiments altering the silyl chloride, catalyst, or 
introducing additives were performed to probe the mechanism for information about the 
system that may be utilized to improve the system, or simply to understand it better. 




both due to an increase in reactivity of the silyl chloride that shifted the resting state of the 
catalyst from free catalyst to one of the two intermediates. Changing the catalyst to N-
methyl imidazole also greatly increased the rate of reaction due to having a less sterically 
hindered system. The steric argument was then applied to the silyl chloride which had a 
smaller but appreciable effect on the reaction order. However, the rate was just as fast as 
the N-methyl imidazole reactions but did not decrease the order of reaction to the same 
extent. The second equivalent of silyl chloride is still required but the lack of sterics around 
the silicon allows this to happen at a higher rate than with the triaryl system. In fact, it 
appears that in all cases and additives used in this system thus far, a second equivalent of 
silyl chloride is required based on the fractional orders determined through experiments. If 
there was a change in mechanism that required only one equivalent of silyl chloride, then 
we would see a reaction order of one. Only the addition of the chloride additive resulted in 
an order of one, but the background reaction without catalyst and the unchanged selectivity 
factor suggests the mechanism for this reaction is also the same as without the additive.  
Overall, the reaction rate and order of silyl chloride is highly dependent on the 
sterics of the system and the capability of the reactive intermediate to form by the loss of a 
chloride anion. The plots in Figure 2.39 compare the rate of reaction against the 
concentration of alcohol of the original triphenylsilyl chloride reaction with no additive to 
the various reactions with additives and silyl chloride derivatives. The plots show two 
major points. Plots A and C demonstrated that steric hindrance in the system has the largest 
effect on rate. Reactions using N-methyl imidazole are much faster than isothiourea 
catalyzed reactions despite being less nucleophilic than both tetramisole and 




the reactions dramatically. Plots B and C show the effect of the additives on rate. There is 
a relationship between the increase in rate and the shift in the equilibrium of the catalyst 
from partially free catalyst to mostly bound catalyst. Interestingly, the addition of chloride 
did not have much effect on rate just as it did not shift the equilibrium all the way to Int 2. 
The rate increase, therefore, seems more dependent on forming Int 2 than Int 1. These 
experiments have so far generally lowered the selectivity factor, but there is potential for 
the chiral thiourea additives under the right conditions and substrates to increase the 
selectivity of the system.  
As previously mentioned, our silylation system has always functioned with the best 
selectivity when alkyl para substituted triphenyl chloride is used in the reaction. The next 
steps for the exploration of the thioureas then should be to test these chiral thioureas with 
other silyl chlorides for their selectivity with tetralol and other alcohols that have shown 
high selectivity in our system such as α-hydroxy lactones and 2-phenyl cyclohexanols 
followed by a kinetic study on any of the more promising substrates. These reactions better 
illustrate the change in reaction conditions by being more sensitive to those changes, 
resulting in larger changes to the selectivity factor that can be analyzed and compared. 
2.16 Experimental 
Instrumentation 
 Kinetic experiments were monitored on a Mettler-Toledo IC-10 in situ IR 
instrument equipped with a silicon probe. NMR spectra for aliquots were taken with a 300 
MHz Bruker spectrometer and the NMR binding study was done with a 400 MHz Bruker 




for Me2PhSiCl kinetics which were taken with CH3CN. IR data was analyzed using 
Mettler-Toledo’s iC IR software in conjunction with microsoft excel. HNMR spectra were 
analyzed using Bruker’s Topspin software.  
TM, BTM, or NMI (1.8, 1.9, 2.7) (0.25 equiv)
OH OSiPh3
4 Å sieves, THF, -78 °C
(R) or (S)-tetralol
Silyl Chloride (2.4, 2.8) (1.0 equiv)
iPr2EtN (1.0 equiv)
80 mM





Figure 2.39 Plots to Compare the Rate of Reaction of Different Additives, Catalysts, 






 All kinetic studies were performed with flame dried glassware under either a 
nitrogen or argon atmosphere. The NMR binding study and NaBArF kinetic studies were 
prepared in a glove box. One and two mL volumetric flasks were used to prepare stock 
solutions. Dry solvents were obtained from stills or run through activated alumina and 
stored over 4 angstrom molecular sieves. Both enantiomers of tetralol and both catalysts of 
benzotetramisole were obtained from TCI and used without further purification. 
Tetramisole was purchased from TCI and freebased with NaOH and dried under vacuum 
prior to use. 
General Procedure for Kinetic Analysis Experiments 
 A three necked reaction vessel was flame dried equipped with flea stir bar, 4 Å 
sieves, and sealed by septa. The vessel was purged with nitrogen and the ReactIR probe 
was inserted and clamped. An air background was taken and the specified amount of THF 
was added to the reaction vessel and a solvent background was taken. Data recording was 
initiated, and the solvent was brought to -78 °C using a dry ice in acetone bath. A 1 mL 
stock solution of dry THF consisting of the alcohol, catalyst, and base was made of which 
810 μL was added to the reaction vessel. The reaction was left to equilibrate while a 
solution of silyl chloride in THF was made in a volumetric flask. At 30 minutes (t0), 590 
μL of the solution was added to the reaction flask beginning the reaction. Data was recorded 
at a rate of one scan every 15 seconds. Aliquots for NMR analysis (~100 μL) were removed 
and quenched with methanol over the course of the reaction at various time depending on 





 Aliquots of the reaction were analyzed in 1H NMR by integrating the proton peak 
geminal to the alcohol oxygen for both starting material (tetralol) and product (silylated 
derivative). The product proton is observed at 4.96 ppm and the starting material at 4.79 
ppm with no overlap from other reaction components.  
Same Excess Experiment with (-)-Benzotetramisole. 
Run 1 
 The ReactIR was set to begin taking measurements of the empty reaction vessel 
and after one minute, an initial 2.1 mL THF was added and allowed to cool to -78 °C. A 
1mL stock solution of 54.1 mg (R)-tetralol, 22.8 mg (-)-benzotetramisole, and 95 μL 
iPr2NEt in THF was prepared. The solution was mixed in the dry syringe under nitrogen 
and 810 μL of solution was added to the reaction vessel. A solution of 443.8 mg triphenyl 
silyl chloride in 2 mL THF was prepared in a volumetric flask with stir bar and septa. At 
30 minutes of data collection, 590 μL of the solution was added to initiate the reaction (t0). 
The concentrations of alcohol and silyl chloride were 80 mM and 120 mM respectively, 
giving an excess of 40 mM. 
Run 2 
  The ReactIR was set to begin taking measurements of the empty reaction vessel 
and after one minute, an initial 2.1 mL THF was added and allowed to cool to -78 °C. A 
1mL stock solution of 27.0 mg (R)-tetralol, 22.8 mg (-)-benzotetramisole, and 65 μL 
iPr2NEt in THF was prepared. The solution was mixed in the dry syringe under nitrogen 




silyl chloride in 2 mL THF was prepared in a volumetric flask with stir bar and septa. At 
30 minutes of data collection, 590 μL of the solution was added to initiate the reaction (t0). 
The concentrations of alcohol and silyl chloride were 40 mM and 80 mM respectively. 
Different Excess Experiments of Silyl Chloride to Alcohol with (-)-Tetramisole 
Run 1 (1.0 equiv. SiCl) 
The ReactIR was set to begin taking measurements of the empty reaction vessel 
and after one minute, an initial 2.1 mL THF was added and allowed to cool to -78 °C. A 
1mL stock solution of 54.1 mg (R)-tetralol, 18.7 mg (-)-tetramisole, and 65 μL iPr2NEt in 
THF was prepared. The solution was mixed in the dry syringe under nitrogen and 810 μL 
of solution was added to the reaction vessel. A solution of 296.3 mg triphenyl silyl chloride 
in 2 mL THF was prepared in a volumetric flask with stir bar and septa. At 30 minutes of 
data collection, 840 μL of the solution was added to initiate the reaction (t0).  
Run 2 (1.5 equiv. SiCl) 
The ReactIR was set to begin taking measurements of the empty reaction vessel 
and after one minute, an initial 1.7 mL THF was added and allowed to cool to -78 °C. A 
1mL stock solution of 54.1 mg (R)-tetralol, 18.7 mg (-)-tetramisole, and 96 μL iPr2NEt in 
THF was prepared. The solution was mixed in the dry syringe under nitrogen and 810 μL 
of solution was added to the reaction vessel. A solution of 210.3 mg triphenyl silyl chloride 
in 2 mL THF was prepared in a volumetric flask with stir bar and septa. At 30 minutes of 
data collection, 1.25 mL of the solution was added to initiate the reaction (t0). The 
concentrations of alcohol and silyl chloride were 80 mM and 120 mM respectively, giving 




Run 3 (2.0 equiv. SiCl) 
The ReactIR was set to begin taking measurements of the empty reaction vessel 
and after one minute, an initial 2.35 mL THF was added and allowed to cool to -78 °C. A 
1mL stock solution of 54.2 mg (R)-tetralol, 18.7 mg (-)-tetramisole, and 128 μL iPr2NEt 
in THF was prepared. The solution was mixed in the dry syringe under nitrogen and 810 
μL of solution was added to the reaction vessel. A solution of 588.6 mg triphenyl silyl 
chloride in 2 mL THF was prepared in a volumetric flask with stir bar and septa. At 30 
minutes of data collection, 590 μL of the solution was added to initiate the reaction (t0). 
The concentrations of alcohol and silyl chloride were 80 mM and 80 mM respectively, 
giving an excess of 80 mM. 
Run 4 (2.0 equiv. SiCl) 
The ReactIR was set to begin taking measurements of the empty reaction vessel 
and after one minute, an initial 2.2 mL THF was added and allowed to cool to -78 °C. A 
1mL stock solution of 54.2 mg (R)-tetralol, 18.7 mg (-)-tetramisole, and 48 μL iPr2NEt in 
THF was prepared. The solution was mixed in the dry syringe under nitrogen and 810 μL 
of solution was added to the reaction vessel. A solution of 168.8 mg triphenyl silyl chloride 
in 2 mL THF was prepared in a volumetric flask with stir bar and septa. At 30 minutes of 
data collection, 770 μL of the solution was added to initiate the reaction (t0). The 
concentrations of alcohol and silyl chloride were 80 mM and 60 mM respectively, giving 






Different Excess Experiments of Silyl Chloride to Alcohol with (-)-Benzotetramisole. 
 
Run 1 (1.0 equiv. SiCl) 
 ReactIR was set to begin taking measurements of the empty reaction vessel and 
after one minute, an initial 2.1 mL THF was added and allowed to cool to -78 °C. A 1mL 
stock solution of 54.1 mg (R)-tetralol, 22.8 mg (-)-benzotetramisole, and 65 μL iPr2NEt in 
THF was prepared. The solution was mixed in the dry syringe under nitrogen and 810 μL 
of solution was added to the reaction vessel. A solution of 296.0 mg triphenyl silyl chloride 
in 2 mL THF was prepared in a volumetric flask with stir bar and septa. At 30 minutes of 
data collection, 590 μL of the solution was added to initiate the reaction (t0). The 
concentrations of alcohol and silyl chloride were 80 mM and 80 mM respectively, giving 
an excess of 0 mM. 
Run 2 (1.5 Equiv. SiCl) 
The ReactIR was set to begin taking measurements of the empty reaction vessel 
and after one minute, an initial 2.1 mL THF was added and allowed to cool to -78 °C. A 
1mL stock solution of 54.1 mg (R)-tetralol, 22.8 mg (-)-benzotetramisole, and 95 μL 
iPr2NEt in THF was prepared. The solution was mixed in the dry syringe under nitrogen 
and 810 μL of solution was added to the reaction vessel. A solution of 443.8 mg triphenyl 
silyl chloride in 2 mL THF was prepared in a volumetric flask with stir bar and septa. At 
30 minutes of data collection, 590 μL of the solution was added to initiate the reaction (t0). 
The concentrations of alcohol and silyl chloride were 80 mM and 120 mM respectively, 





Different Excess with Sodium Tetrakis[3,5-bis(trifluoromethyl)phenyl] Borate 
Run 1 (1.0 Equiv, SiCl) 
The sodium tetrakis[3,5-bis(trifluoromethyl)phenyl] borate (263 mg) was placed in 
the reaction vessel while under a glove box nitrogen atmosphere and then attached to the 
IR probe. The ReactIR was set to begin taking measurements of the empty reaction vessel 
and after one minute, an initial 2.1 mL THF was added and allowed to cool to -78 °C. A 
1mL stock solution of 54.2 mg (R)-tetralol, 18.7 mg (-)-tetramisole, and 65 μL iPr2NEt in 
THF was prepared. The solution was mixed in the dry syringe under nitrogen and 810 μL 
of solution was added to the reaction vessel. A solution of 295.6 mg triphenyl silyl chloride 
in 2 mL THF was prepared in a volumetric flask with stir bar and septa. At 30 minutes of 
data collection, 590 μL of the solution was added to initiate the reaction (t0).  
Run 2 (1.0 Equiv, SiCl) 
The sodium tetrakis[3,5-bis(trifluoromethyl)phenyl] borate (329 mg) was placed in 
the reaction vessel while under a glove box nitrogen atmosphere and then attached to the 
IR probe. The ReactIR was set to begin taking measurements of the empty reaction vessel 
and after one minute, an initial 2.1 mL THF was added and allowed to cool to -78 °C. A 
1mL stock solution of 54.2 mg (R)-tetralol, 18.6 mg (-)-tetramisole, and 80 μL iPr2NEt in 
THF was prepared. The solution was mixed in the dry syringe under nitrogen and 810 μL 
of solution was added to the reaction vessel. A solution of 369.2 mg triphenyl silyl chloride 
in 2 mL THF was prepared in a volumetric flask with stir bar and septa. At 30 minutes of 





Different Excess Experiments with Benzyl Tributyl Ammonium Chloride 
Run 1 (1.0 Equiv. SiCl) 
The benzyl tributyl ammonium chloride (94.0 mg) was placed in the reaction vessel 
while under a nitrogen atmosphere and then attached to the IR probe. The ReactIR was set 
to begin taking measurements of the empty reaction vessel and after one minute, an initial 
2.1 mL THF and 350 μL CHCl3 was added and allowed to cool to -78 °C. A 1mL stock 
solution of 53.9 mg (R)-tetralol, 18.7 mg (-)-tetramisole, and 665 μL iPr2NEt in THF was 
prepared. The solution was mixed in the dry syringe under nitrogen and 810 μL of solution 
was added to the reaction vessel. A solution of 296.00 mg triphenyl silyl chloride in 2 mL 
THF was prepared in a volumetric flask with stir bar and septa. At 30 minutes of data 
collection, 590 μL of the solution was added to initiate the reaction (t0).  
Run 2 (1.5 Equiv. SiCl) 
The benzyl tributyl ammonium chloride (138.5 mg) was placed in the reaction 
vessel while under a nitrogen atmosphere and then attached to the IR probe. The ReactIR 
was set to begin taking measurements of the empty reaction vessel and after one minute, 
an initial 2.1 mL THF and 350 μL CHCl3 was added and allowed to cool to -78 °C. A 1mL 
stock solution of 53.9 mg (R)-tetralol, 18.7 mg (-)-tetramisole, and 695 μL iPr2NEt in THF 
was prepared. The solution was mixed in the dry syringe under nitrogen and 810 μL of 
solution was added to the reaction vessel. A solution of 445.00 mg triphenyl silyl chloride 
in 2 mL THF was prepared in a volumetric flask with stir bar and septa. At 30 minutes of 





Different Excess Experiments with N-Methyl Imidazole 
Run 1 (0.8 Equiv. SiCl) 
The ReactIR was set to begin taking measurements of the empty reaction vessel 
and after one minute, an initial 2.1 mL THF was added and allowed to cool to -78 °C. A 
1mL stock solution of 54.1 mg racemic tetralol, 5.9 μL N-methyl imidazole, and 50 μL 
iPr2NEt in THF was prepared. The solution was mixed in the dry syringe under nitrogen 
and 810 μL of solution was added to the reaction vessel. A solution of 237.0 mg triphenyl 
silyl chloride in 2 mL THF was prepared in a volumetric flask with stir bar and septa. At 
30 minutes of data collection, 590 μL of the solution was added to initiate the reaction (t0).  
Run 2 (1.0 Equiv. SiCl) 
The ReactIR was set to begin taking measurements of the empty reaction vessel 
and after one minute, an initial 2.1 mL THF was added and allowed to cool to -78 °C. A 
1mL stock solution of 54.1 mg racemic tetralol, 5.9 μL N-methyl imidazole, and 65 μL 
iPr2NEt in THF was prepared. The solution was mixed in the dry syringe under nitrogen 
and 810 μL of solution was added to the reaction vessel. A solution of 296.0 mg triphenyl 
silyl chloride in 2 mL THF was prepared in a volumetric flask with stir bar and septa. At 
30 minutes of data collection, 590 μL of the solution was added to initiate the reaction (t0). 
The concentrations of alcohol and silyl chloride were 80 mM and 80 mM respectively, 






Different Excess Experiments Using Ph2MeSiCl as the Silyl Source 
Run 1 (0.75 Equiv. SiCl) 
The ReactIR was set to begin taking measurements of the empty reaction vessel 
and after one minute, an initial 2.1 mL THF was added and allowed to cool to -78 °C. A 
1mL stock solution of 54.1 mg (R)-tetralol, 22.7 mg (-)-benzotetramisole, and 50 μL 
iPr2NEt in THF was prepared. The solution was mixed in the dry syringe under nitrogen 
and 810 μL of solution was added to the reaction vessel. A solution of 160 μL diphenyl 
methyl silyl chloride in 2 mL THF was prepared in a volumetric flask with stir bar and 
septa. At 30 minutes of data collection, 590 μL of the solution was added to initiate the 
reaction (t0). The concentrations of alcohol and silyl chloride were 80 mM and 60 mM 
respectively, giving an excess of 20 mM in alcohol. 
Run 2 (1.0 Equiv. SiCl) 
The ReactIR was set to begin taking measurements of the empty reaction vessel 
and after one minute, an initial 2.1 mL THF was added and allowed to cool to -78 °C. A 
1mL stock solution of 54.1 mg (R)-tetralol, 22.7 mg (-)-benzotetramisole, and 65 μL 
iPr2NEt in THF was prepared. The solution was mixed in the dry syringe under nitrogen 
and 810 μL of solution was added to the reaction vessel. A solution of 210 μL diphenyl 
methyl silyl chloride in 2 mL THF was prepared in a volumetric flask with stir bar and 
septa. At 30 minutes of data collection, 590 μL of the solution was added to initiate the 
reaction (t0). The concentrations of alcohol and silyl chloride were 80 mM and 80 mM 





Different Excess Experiments Using PhMe2SiCl as the Silyl Source 
Run 1 (0.8 Equiv. SiCl) 
The ReactIR was set to begin taking measurements of the empty reaction vessel 
and after one minute, an initial 2.1 mL THF was added and allowed to cool to -78 °C. A 
1mL stock solution of 54.1 mg (R)-tetralol, 22.7 mg (-)-benzotetramisole, and 50 μL 
iPr2NEt in THF was prepared. The solution was mixed in the dry syringe under nitrogen 
and 810 μL of solution was added to the reaction vessel. A solution of 160 μL diphenyl 
methyl silyl chloride in 2 mL THF was prepared in a volumetric flask with stir bar and 
septa. At 30 minutes of data collection, 590 μL of the solution was added to initiate the 
reaction (t0). The concentrations of alcohol and silyl chloride were 80 mM and 60 mM 
respectively, giving an excess of 20 mM in alcohol. 
Run 2 (1.0 Equiv. SiCl) 
The ReactIR was set to begin taking measurements of the empty reaction vessel 
and after one minute, an initial 2.1 mL THF was added and allowed to cool to -78 °C. A 
1mL stock solution of 54.1 mg (R)-tetralol, 22.7 mg (-)-benzotetramisole, and 65 μL 
iPr2NEt in THF was prepared. The solution was mixed in the dry syringe under nitrogen 
and 810 μL of solution was added to the reaction vessel. A solution of 210 μL diphenyl 
methyl silyl chloride in 2 mL THF was prepared in a volumetric flask with stir bar and 
septa. At 30 minutes of data collection, 590 μL of the solution was added to initiate the 
reaction (t0). The concentrations of alcohol and silyl chloride were 80 mM and 80 mM 





NMR Binding Study 
  Triphenyl silyl chloride was recrystallized from pentane. NaBArF was dried for 3 
days in a drying pistol using toluene as the solvent and P2O5 as the drying agent. (-)-
benzotetramisole was dried under vacuum in a sand bath. All compounds and dried 
glassware was moved into a glove box. 
Binding Study on Triphenyl Silyl Chloride with (-)-Benzotetramisole 
  A 0.16 M stock solution of benzotetramisole in THF was made and triphenyl silyl 
chloride was added to 1 mL of stock solution from 0-8 equivalents. Four drops of 
deuterated benzene was added to the sample for locking and sample was loaded into an 
NMR tube and immediately taken for 1H NMR analysis. A solvent suppression protocol 
was used to minimize THF interference. A reference spectra of just (-)-benzotetramisole 
and was taken and all Δ ppm were referenced to the THF. 
Binding Study on Triphenyl Silyl Chloride with (-)-Benzotetramisole and NaBArF 
A 0.09 M stock solution of benzotetramisole in THF was made and triphenyl silyl 
chloride and NaBArF was added to 1 mL of stock solution from 0-5 equivalents. Four 
drops of deuterated benzene was added to the sample for locking and sample was loaded 
into an NMR tube and immediately taken for 1H NMR analysis. A solvent suppression 
protocol was used to minimize THF interference. A reference spectra of (-)-





Different Excess Experiments of Silyl Chloride to Alcohol with Schreiner’s Thiourea 
Catalyst as an Additive. 
Run 1 (1.0 equiv. SiCl) 
The ReactIR was set to begin taking measurements of the empty reaction vessel 
and after one minute, an initial 2.1 mL THF was added and allowed to cool to -78 °C. A 
1mL stock solution of 54.1 mg (R)-tetralol, 22.8 mg (-)-benzotetramisole, 65 μL iPr2Net, 
and 45 mg Schreiner’s Thiourea in THF was prepared. The solution was mixed in the dry 
syringe under nitrogen and 810 μL of solution was added to the reaction vessel. A solution 
of 296.00 mg triphenyl silyl chloride in 2 mL THF was prepared in a volumetric flask with 
stir bar and septa. At 30 minutes of data collection, 590 μL of the solution was added to 
initiate the reaction (t0). The concentrations of alcohol and silyl chloride were 80 mM and 
80 mM respectively, giving an excess of 0.0 mM. 
Run 2 (1.5 Equiv. SiCl) 
The ReactIR was set to begin taking measurements of the empty reaction vessel 
and after one minute, an initial 2.1 mL THF was added and allowed to cool to -78 °C. A 
1mL stock solution of 54.1 mg (R)-tetralol, 22.8 mg (-)-benzotetramisole, 95 μL iPr2Net, 
and 45 mg Schreiner’s Thiourea in THF was prepared. The solution was mixed in the dry 
syringe under nitrogen and 810 μL of solution was added to the reaction vessel. A solution 
of 443.08 mg triphenyl silyl chloride in 2 mL THF was prepared in a volumetric flask with 
stir bar and septa. At 30 minutes of data collection, 590 μL of the solution was added to 
initiate the reaction (t0). The concentrations of alcohol and silyl chloride were 80 mM and 




Kinetic Resolutions (KR) 
KR with Schreiner’s Thiourea Additive 
To a flame-dried one dram vial equipped with flea stir bar and 4 Å molecular sieve 
was added 86 mg tetralol, 29.6 mg (-)-tetramisole, 60 µL iPr2Net, and 72.5 mg Schreiner’s 
Thiourea Catalyst under a nitrogen atmosphere. The vial was sealed with electrical tape 
and septa and 900 µL dry THF was added. Solution was placed in a cryocool with and 
isopropanol bath and brought to -78 ˚C over 30 minutes. A 1 mL solution of 342 mg 
triphenyl silyl chloride in THF was made and 300 µL was added to the reaction vessel. 
After 24h, the reaction was quenched with methanol and the solvent was evaporated. A H1 
NMR spectrum in CDCl3 was taken to determine conversion. A silica gel column with 5, 
10, and 25% EtOAc in hexane was run to separate product from other components. Product 
was dissolved in THF and 0.5 mL TBAF was added and allowed to reaction for 2 hours. 
Reaction was quenched with 1 mL NaCl and organic components were extracted with 
ether. A silical gel column using 5, 10, 25% EtOAc in hexane was used to isolate 
deprotected product. An HPLC sample of deprotected product was made in 5% EtOAc in 
hexane. HPLC was run at 4% isopropanol in hexane on an OD-H column at 1 mL/min. 
KR of Schreiner’s Thiourea Derivatives 
1-[3,5-Bis(trifluoromethyl)phenyl]-3-[(1R,2R)-(-)-
2(dimethylamino)cyclohexyl]thiourea 
To a flame-dried one dram vial equipped with flea stir bar and 4 Å molecular sieve 
was added 86 mg tetralol, 29.6 mg (-)-tetramisole, 60 µL iPr2Net, and 72.5 mg Schreiner’s 




and septa and 900 µL dry THF was added. Solution was placed in a cryocool with and 
isopropanol bath and brought to -78 ˚C over 30 minutes. A 1 mL solution of 342 mg 
triphenyl silyl chloride in THF was made and 300 µL was added to the reaction vessel. 
After 24h, the reaction was quenched with methanol and the solvent was evaporated. A H1 
NMR spectrum in CDCl3 was taken to determine conversion. A silica gel column with 5, 
10, and 25% EtOAc in hexane was run to separate product from other components. Product 
was dissolved in THF and 0.5 mL TBAF was added and allowed to reaction for 2 hours. 
Reaction was quenched with 1 mL NaCl and organic components were extracted with 
ether. A silical gel column using 5, 10, 25% EtOAc in hexane was used to isolate 
deprotected product. An HPLC sample of deprotected product was made in 5% EtOAc in 
hexane. HPLC was run at 4% isopropanol in hexane on an OD-H column at 1 mL/min. 
 
 
Figure 2.40 HPLC Spectrum of the Deprotected Product in the Kinetic Resolution of 





To a flame-dried one dram vial equipped with flea stir bar and 4 Å molecular sieve 
was added 86 mg tetralol, 29.6 mg (-)-tetramisole, 60 µL iPr2Net, and 72.5 mg Schreiner’s 
Thiourea Catalyst under a nitrogen atmosphere. The vial was sealed with electrical tape 
and septa and 900 µL dry THF was added. Solution was placed in a cryocool with and 
isopropanol bath and brought to -78 ˚C over 30 minutes. A 1 mL solution of 342 mg 
triphenyl silyl chloride in THF was made and 300 µL was added to the reaction vessel. 
After 24h, the reaction was quenched with methanol and the solvent was evaporated. A H1 
NMR spectrum in CDCl3 was taken to determine conversion. A silica gel column with 5, 
10, and 25% EtOAc in hexane was run to separate product from other components. Product 
was dissolved in THF and 0.5 mL TBAF was added and allowed to reaction for 2 hours. 
Reaction was quenched with 1 mL NaCl and organic components were extracted with 
ether. A silical gel column using 5, 10, 25% EtOAc in hexane was used to isolate 
deprotected product. An HPLC sample of deprotected product was made in 5% EtOAc in 
hexane. HPLC was run at 4% isopropanol in hexane on an OD-H column at 1 mL/min 
 
Figure 2.41 HPLC Spectrum of Deprotected Product in the Kinetic  






Figure 2.42 HPLC Spectrum of Starting Material in the Kinetic Resolution of Tetralol 





                                                     Figure 2.43 Structure of 2.14 
To a flame-dried one-dram vial equipped with flea stir bar and 4 Å molecular sieve 
was added 86 mg tetralol, 29.6 mg (-)-tetramisole, 60 µL iPr2Net, and 72.5 mg Schreiner’s 




and septa and 900 µL dry THF was added. Solution was placed in a cryocool with and 
isopropanol bath and brought to -78 ˚C over 30 minutes. A 1 mL solution of 342 mg 
triphenyl silyl chloride in THF was made and 300 µL was added to the reaction vessel. 
After 24h, the reaction was quenched with methanol and the solvent was evaporated. A H1 
NMR spectrum in CDCl3 was taken to determine conversion. A silica gel column with 5, 
10, and 25% EtOAc in hexane was run to separate product from other components. Product 
was dissolved in THF and 0.5 mL TBAF was added and allowed to reaction for 2 hours. 
Reaction was quenched with 1 mL NaCl and organic components were extracted with 
ether. A silical gel column using 5, 10, 25% EtOAc in hexane was used to isolate 
deprotected product. An HPLC sample of deprotected product was made in 5% EtOAc in 
hexane. HPLC was run at 4% isopropanol in hexane on an OD-H column at 1 mL/min 
 
 
Figure 2.44 HPLC Spectrum of the Deprotected Product in the Kinetic Resolution 






        Figure 2.45 Structure of 2.12 
To a flame-dried one dram vial equipped with flea stir bar and 4 Å molecular sieve 
was added 86 mg tetralol, 29.6 mg (-)-tetramisole, 60 µL iPr2Net, and 72.5 mg Schreiner’s 
Thiourea Catalyst under a nitrogen atmosphere. The vial was sealed with electrical tape 
and septa and 900 µL dry THF was added. Solution was placed in a cryocool with and 
isopropanol bath and brought to -78 ˚C over 30 minutes. A 1 mL solution of 342 mg 
triphenyl silyl chloride in THF was made and 300 µL was added to the reaction vessel. 
After 24h, the reaction was quenched with methanol and the solvent was evaporated. A H1 
NMR spectrum in CDCl3 was taken to determine conversion. A silica gel column with 5, 
10, and 25% EtOAc in hexane was run to separate product from other components. Product 
was dissolved in THF and 0.5 mL TBAF was added and allowed to reaction for 2 hours. 
Reaction was quenched with 1 mL NaCl and organic components were extracted with 
ether. A silical gel column using 5, 10, 25% EtOAc in hexane was used to isolate 
deprotected product. An HPLC sample of deprotected product was made in 5% EtOAc in 
hexane. HPLC was run at 4% isopropanol in hexane on an OD-H column at 1 mL/min 
Kinetic Resolution of 2.11 
To a flame-dried one-dram vial equipped with flea stir bar and 4 Å molecular sieve 
was added 86 mg tetralol, 29.6 mg (-)-tetramisole, 60 µL iPr2Net, and 72.5 mg Schreiner’s 




and septa and 900 µL dry THF was added. Solution was placed in a cryocool with and 
isopropanol bath and brought to -78 ˚C over 30 minutes. A 1 mL solution of 342 mg 
triphenyl silyl chloride in THF was made and 300 µL was added to the reaction vessel. 
After 24h, the reaction was quenched with methanol and the solvent was evaporated. A H1 
NMR spectrum in CDCl3 was taken to determine conversion. A silica gel column with 5, 
10, and 25% EtOAc in hexane was run to separate product from other components. Product 
was dissolved in THF and 0.5 mL TBAF was added and allowed to reaction for 2 hours. 
Reaction was quenched with 1 mL NaCl and organic components were extracted with 
ether. A silical gel column using 5, 10, 25% EtOAc in hexane was used to isolate 
deprotected product. An HPLC sample of deprotected product was made in 5% EtOAc in 
hexane. HPLC was run at 4% isopropanol in hexane on an OD-H column at 1 mL/min 
 
 
Figure 2.46 HPLC Spectrum of the Deprotected Product in the Kinetic Resolution of 






Figure 2.47 HPLC Spectrum of the Deprotected Product in the Kinetic Resolution of 
Tetralol Using (+) BTM (1.9) as the Catalyst, and 2.12 as an Additive 
 
 
 Figure 2.48 Structure of 2.11 
To a flame-dried one-dram vial equipped with flea stir bar and 4 Å molecular sieve 
was added 86 mg tetralol, 29.6 mg (-)-tetramisole, 60 µL iPr2Net, and 72.5 mg Schreiner’s 
Thiourea Catalyst under a nitrogen atmosphere. The vial was sealed with electrical tape 
and septa and 900 µL dry THF was added. Solution was placed in a cryocool with and 
isopropanol bath and brought to -78 ˚C over 30 minutes. A 1 mL solution of 342 mg 
triphenyl silyl chloride in THF was made and 300 µL was added to the reaction vessel. 
After 24h, the reaction was quenched with methanol and the solvent was evaporated. A H1 
NMR spectrum in CDCl3 was taken to determine conversion. A silica gel column with 5, 




was dissolved in THF and 0.5 mL TBAF was added and allowed to reaction for 2 hours. 
Reaction was quenched with 1 mL NaCl and organic components were extracted with 
ether. A silical gel column using 5, 10, 25% EtOAc in hexane was used to isolate 
deprotected product. An HPLC sample of deprotected product was made in 5% EtOAc in 
hexane. HPLC was run at 4% isopropanol in hexane on an OD-H column at 1 mL/min 
 
Figure 2.49 HPLC Spectrum of the Deprotected Product in the Kinetic Resolution of 






Figure 2.50 HPLC Spectrum of the Deprotected Product in the Kinetic Resolution of 





























1. Blackmond, D. G. Reaction Progress Kinetic Analysis: A Powerful Methodology 
for Mechanistiv Studies of Complex Catalytic Reactions. Angew. Chem. Int. Ed. 
2005, 44, 4302. 
2. Bures, J. Variable Time Normalization Analysis: General Graphical Elucidation of 
Reaction Orders from Concentration Profiles. Angew. Chem. Int. Ed. 2016, 55, 
16084. 
3. Matviitsuk, A.; Greenhalgh, M. D.; Antunez, D. B.; Slawin, A. M. Z.; Smith, A. D. 
Aryloxide-Facilitated Catalyst Turnover in Enantioselective α, β-Unsaturated Acyl 
Ammonium Catalysis. Ang. Chem. Int. Ed. 2017, 56, 12282.  
4. Li, X.; Lu, G.; Birman, V. B. Benzotetramisole-Catalyzed Dynamic Kinetic 
Resolution of Azlalactones. Org. Lett. 2010, 12, 892. 
5. Wagner, A. J.; Rychnovsky, S. D. Kinetic Analysis of the HBTM-Catalyzed 
Esterification of an Enantiopure Secondary Alcohol. Org. Lett. 2013, 15, 5504. 
6. Li, X.; Liu, P.; Houk, K. N.; Birman, V. B. Origin of Enantioselectivity in CF3-
PIP-Catalyzed Kinetic Resolution of Secondary Benzylic Alcohols. J. Chem. Am. 
Soc. 2008, 130, 13836. 
7. Birman, V. B.; Li, X. Benzotetramisole: A Remarkably Enantioselective Acyl 
Transfer Catalyst. Org. Lett. 2006, 8, 1351. 
8. Venkateswarlu, A.; Corey, E. J. J. Am. Chem. Soc. 1972, 94, 6190. 
9. Patschinski, P.; Zhang, C.; Zipse, H. The Lewis Base-Catalyzed Silylation of 




10. Held, I.; Larionov, E.; Bozler, C.; Wagner, F.; Zipse, H. The Catalytic Potential of 
4-Guanidinylpyridines in Acylation Reactions. Synthesis 2009, 13, 2267. 
11. Chaudhary, S.K.; Hernandez, O. Tetrahedron Lett. 1979, 20, 99. 
12. Held, I.; Villinger, A.; Bozler, C.; Zipse, H. The Stability of Acylpyridinium 
Cations and Their Relation to the Catalytic Activity of Pyridine Bases. Synthesis 
2005, 9, 1425. 
13. Akhani, R. K.; Moore, M. I.; Pribyl, J. G.; Wiskur, S. L. Linear Free-Energy 
Relationship and Rate Study on a Silylation-Based Kinetic Resolution: Mechanistic 
Insights. J. Org. Chem. 2014, 79, 2384. 
14. Wagner, A. J.; Rychnovsky, S. D. Kinetic Analysis of the HBTM-Catalyzed 
Esterification of an Enantiopure Secondary Alcohol. Org. Lett. 2013, 15, 5504. 
15. House, J. E., Principles of Chemical Kinetics. 2nd Ed.; Academic Press. : 
Amsterdam, 2007; p 70. 
16. Gilbert, H. F. The “Rule of Thumb” for Deriving Steady State Rate Equations. J. 
Chem. Educ. 1977, 492.  
17. Sheppard, C. I.; Taylor, J. L.; Wiskur, S. L. Silylation-Based Kinetic Resolution of 
Monofunctional Secondary Alcohols. Org. Lett. 2011, 13, 3794. 
18. Clark, Robert W.; Deaton, Maxwell T.; Zhang, Yan; Moore, Maggie I.; Wiskur, 
Sheryl, L. Silylation-Based Kinetic Resolution of α-Hydroxy Lactones and 
Lactams. Org. Lett. 2013, 15, 6132. 





20. Rendler, S.; Oestreich, M. Hypervalent Silicon as a Reactive Site in Selective 
Bond-Forming Processes. Synthesis. 2005, 11, 1727. 
21. Ramsden, C. A. Non-bonding Molecular Orbitals and the Chemistry of Non-
classical Organic Molecules. Chem. Soc. Rev. 1994, 2, 111. 
22. Brookhart, M.; Grant, B.; Volpe Jr., A.F. [(3,5-(CF3)2C6H3)4B]-[H(OEt2)2]+: a 
convenient reagent for generation and stabilization of cationic, highly electrophilic 
organometallic complexes. Organometallics. 1992, 11, 3920. 
23. Krossing, I.; Raabe, I. Noncoordinating Anions-Fact or Fiction? A Survey of Likely 
Candidates. Angew. Chem. Int. Ed. 2004, 43, 2066. 
24. Williamson, M. P. Using Chemical Shift Perturbation to Characterize Ligand 
Binding. Prog. Nucl. Magn. Reson. Spectrosc. 2013, 73, 1. 
25. Rendler, S.; Oestreich, M. Hypervalent Silicon as a Reactive Site in Selective 
Bond-Forming Processes. Synthesis. 2005, 11, 1727. 
26. Corriu, R. J. P.; Dabosi, G.; Martineau, M. Mécanisme de l'hydrolyse des 
chlorosilanes, catalysée par un nucléophile: étude cinétique et mise en evidence 
d'un intermediaire hexacoordonné. J. Organomet. Chem. 1978, 150, 27. 
27. Maji, B.; Joannesse, C.; Nigst, T. A.; Smith, A. D.; Mayr, H. Nucleophilicities and 
Lewis Basicities of Isothiourea Derivatives. J. Org. Chem. 2011, 76, 5104. 
28. Ford, D. D.; Lehnherr, D.; Kennedy, C. R, Jacobsen, E. N. On- and Off-Cycle 





29. Ford, D. D.; Lehnherr, D.; Kennedy, C. R, Jacobsen, E. Anion-Abstraction 
Catalysis: The Cooperative Mechanism of #-Chloroether Activation by Dual H-
Bond Donors.  ACS Catal. 2016, 6, 4616. 
30. Raheem, I. T.; Thiara, P. S.; Peterson, E. A.; Jacobsen, E. N. Enantioselective 
Pictet-Spengler Type Cyclizations of Hydroxylactams: H-Bond Donor Catalysis by 
Anion Binding. J. Am. Chem. Soc. 2007, 129, 13404. 
31. Reisman, S. E.; Doyle, A. G.; Jacobsen, E. N. Enantioselective Thiourea-Catalyzed 























CHAPTER 3 THE ISOTHIOUREA CATALYZED SILYLATION 




 This chapter will focus on preliminary work of various projects that are ongoing in 
the lab. In addition to highly selective kinetic resolutions of secondary alcohols using 
triphenylsilyl chlorides in the presence of an isothiourea catalyst, the reaction system has 
the potential to be used in other applications where selective silylation is important. Parallel 
kinetic resolution is a variation on the traditional kinetic resolution that involves two 
simultaneous kinetic resolution reactions that each selectively derivatize one of the two 
enantiomers, increasing the enantiomeric excess on each and allowing for an efficient 
separation of the two enantiomers as derivatized products. 1 Our isothiourea catalyzed 
silylation system has the potential to be used in conjunction with an acylation reaction to 
derivatize the two enantiomers of secondary alcohols because it has been shown through 
preliminary experiments that acylation and silylation reactions in the presence of (-)-
benzotetramisole interact with opposite enantiomers in certain secondary alcohols.
Carbohydrates have a lot of use in drug design and catalyst design.2 However, they 
generally contain multiple alcohols and stereocenters that can be difficult to selectively 
derivatize in synthesis. Methodology that can selectively react with one hydroxy group 
over another is constantly being pursued. During the Wiskur group study into kinetic 




triphenyl substituted silyl chlorides, it was discovered that asymmetric silylation of achiral 
alcohols in a chair conformation greatly prefers when the hydroxy group is in the equatorial 
position.3 It’s possible this phenomena could translate to simple hexose carbohydrates with 
multiple hydroxy groups in both the equatorial and axial positions, allowing for selective 
silylation of equatorial hydroxy groups on carbohydrates. 
This chapter will also illustrate the efforts of a collaboration with an 
electrochemistry focused group to synthesize macrocycle ionophores for the in vivo 
detection of glutamate. These macrocycles utilize size and an electronic environment 
dictated by the presence of copper ions bound to the amine rich macrocycle to selectively 
bind to glutamate within its cavity, eliciting an electrochemical response.  
3.2 The Parallel Kinetic Resolution 
 The parallel kinetic resolution is a relatively less explored method of resolution 
developed by Vedejs in the late 1990s.4 This method improves on the classical kinetic 
resolution by having two simultaneous reactions occurring each targeting one of the 
enantiomers in the reaction, resulting in a constant 50:50 mixture of unreacted starting 
material throughout the entire reaction until conversion is complete. This allows for the 
two enantiomers to be derivatized and easily separated in less selective methodology when 
compared to classical kinetic resolution. This is because of the strong affect concentration 
has on the ee of the product. As the fast reacting enantiomer is converted to product, the 
concentration of the slow reacting enantiomer of starting material is increasing. This 
increased concentration means the wrong enantiomer is more likely to be converted as 
reaction time continues, decreasing the overall ee of the product. This results in only being 




of the reaction is >200.  Therefore, in most kinetic resolutions, only the starting material is 
recovered for use. A parallel kinetic resolution seeks to recover both enantiomers as 
product, both with an ee>99, by keeping the concentration of the two enantiomers the same 
the entire reaction by having two separate reactions that produce product from opposite 
enantiomers, alleviating the concentration effect, and increasing the success of 
methodologies with lower selectivity factors. In fact, it has been shown that in a parallel 
kinetic resolution, only a selectivity factor of 49 is required to be equivalent to the 
selectivity factor of 200 for a normal kinetic resolution.5 
A key challenge for a successful parallel kinetic resolution is not only finding two 
simultaneous reactions that target opposite enantiomers, but two reactions that occur with 
similar reaction rates. The rate of the two reactions need to be similar so that the 
concentrations of the two starting enantiomers stays the same. If the rate of one reaction is 
much higher than the other, the ee achieved in the reaction would suffer due to the 
concentration issues mentioned previously. The closer the rate, the more ideal the reaction 
conditions. Therefore, a basic understanding of the rates of the chosen reactions should be 
understood such that, if possible, the conditions should be altered to minimize the 
difference between the two reactions. 
 To highlight an example of a successful parallel kinetic resolution, the Vedejs group 
found that the acylation of secondary alcohols using two different anhydrides with either a 
benzoyl group or an isobutyroyl group in the presence of a chiral phosphine catalyst had 
much different rates of acylation (benzoyl>>>isobutyroyl). They were then able to design 
a chiral DMAP catalyst that not only favored the acylation with the isobutyroyl group, but 




reactions could then be run simultaneously in the presence of both catalysts 3.1 and 3.2 to 
constitute a parallel kinetic resolution. The reaction conditions were improved by changing 
the isobutyric anhydride to the m-chlorobenzoic anhydride because the isobutyric 
anhydride formed a mixed anhydride intermediate that led to the formation of a small 
amount of the wrong product. This problem was alleviated when m-chloribenzoic 
anhydride was used. With the new anhydride, comparable ee values in each product were 
achieved, 86% for the m-chlorobenzoate and 78% for the benzoate (Figure 3.1) 
 
Figure 3.1 Vedejs Parallel Kinetic Resolution of Secondary Alcohols  
with Two Anhydrides in the Presence of Two Chiral Catalysts 
 
 
3.3 Parallel Kinetic Resolution in Isothiourea Catalyzed Silylation Kinetic 
Resolutions 
 During the studies of our silylation-based kinetic resolutions using (-)-
benzotetramisole (1.9), we noticed the same enantiomer for the alcohol substrates tended 




often acylated the (R)-enantiomer using the same catalyst.6 This meant it could be possible 
to do a kinetic resolution derivatizing both enantiomers of secondary alcohol substrates 
using a single catalyst in the presence of two derivatizing reagents. However, most of the 
published results between our two groups did not use the exact same substrates so some 
screening of compounds was required. As many of our studies started with the 
commercially available tetralol as the alcohol, we started our parallel kinetic resolution 
experiments by looking individually at which enantiomer of the tetralol was acylated and 
which was silylated. Two separate reactions were run with one using acetic anhydride as 
an acylation source and one using triphenylsilyl chloride as a silyl source. Both were run 
with (-)-benzotetramisole as the catalyst, and Hünig’s base as the base (Figure 3.2). After 
separation, the recovered starting materials were run on the HPLC to determine the 
enantiomeric ratio. It turns out that for tetralol, both the acylation and silylation reactions 
formed the same major enantiomer in the product. Therefore, we wanted to move to a 
different alcohol substrate with more sterics that is known for its high selectivity in our 
silylation system.  
 
 
                   Figure 3.2 Kinetic Resolutions of Tetralol at 0.42 M Using  
  Acetic Anhydride and Triphenylsilyl Chloride Electrophiles  




 Trans-2-phenyl cyclohexanol and its derivatives have shown high selectivity in the 
silylation based kinetic resolution as shown in chapter 1. An acylation reaction was set up 
to compare the product’s enantiomeric ratio to our previous silylation reaction. Acetic 
anhydride was used as the acylating source with (-)-benzotetramisole as the catalyst and 
Hünig’s base as the base (Figure 3.3). A selectivity factor of 16 was achieved, meaning the 
substrate was selective enough to be further used (need s>10) and was comparable to the 
silylation selectivity factor of this substrate at s = 10. Most importantly, the result of the 
reaction showed that for this substrate, the acylation occurred at a faster rate on the opposite 
enantiomer to the silylation, resulting in the opposite major product. This means trans-2-
phenyl cyclohexanol was a good candidate for attempting a parallel kinetic resolution.  
 
Figure 3.3 Acylation and Silylation of Trans-2-phenyl Cyclohexanol with 0.75 
Equivalents Acetic Anhydride and 0.65 Equivalents silyl chloride with 25 mol%  
(-)-BTM3 
 
 However, we know the selectivity factor of the silylation kinetic resolution is higher 
in certain derivatives of the 2-phenyl cyclohexanols such as meta methoxy substituted 2-




we again had to make sure the opposite enantiomer was acylated when compared to the 
silylation. An acylation reaction of m-methoxy-2-phenyl cyclohexanol was set up with 
acetic anhydride as the acylating source, (-)-benzotetramisole as the catalyst, and Hünig’s 
base as the base. The reaction was low yield and a selectivity factor based on the crude 
NMR conversion was determined at ~30, but with a conversion of only 18%, small changed 
in ee have a large effect on the selectivity factor. However, the most important piece of 
information was determined and that is the fact that the opposite enantiomer to the 
silylation was acylated as shown in the second reaction of Figure 3.4. Since there is an 
improved selectivity of the acylation in this reaction over the 2-phenyl cyclohexanol 
without the methoxy group, and the acylation and silylation derivatize opposite 
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Figure 3.4 Acylation and Silylation of (m-methoxy-2-phenyl)cyclohexanol with 0.75 






 A parallel kinetic resolution was set up with the meta-methoxy-2-phenyl 
cyclohexanol as the alcohol. Acetic anhydride was used as the acylating reagent and para-
isopropyl triphenylsilyl chloride was used as the silylating reagent (Figure 3.5). The 
derivatized silyl chloride was used because we know the selectivity is highest when using 
this silyl chloride and because we know the increased sterics slow the reaction down. 
Although a detailed rate study on the acylation of secondary alcohols using (-)-
benzotetramisole has not been conducted to the best of my knowledge, general reaction 
times at varying temperatures with different acylation reagents was explored by Birman.6 
The fastest acylation used acetic anhydride at room temperature, and this reaction still took 
4 hours to complete compared to our silylation system which is done at -78 °C and finishes 
in about an hour. Therefore, we tried the parallel kinetic resolution with twice the amount 
of acetic anhydride compared to the (p-iPr)3SiCl.  
 Unfortunately, the reaction still resulted with only the silylation taking place and 
no acylation product was detected. The selectivity factor of the silylation in the presence 
of the acetic anhydride (s = 55) was comparable to the selectivity of the silylation alone (s 
= 53). It’s difficult from the one reaction to say why no acylation took place. Even if all 
the catalyst was held up by the silyl chloride, there should have been ample time for the 
acylation to occur once the silyl chloride was all used. As mentioned in chapter 2, kinetic 
experiments showed no catalyst deactivation was apparent in the system. Perhaps, the 
acetic anhydride reagent had simply gone bad? Or maybe an unforeseen interaction took 





Figure 3.5 Parallel Kinetic Resolution at 0.42 M of (m-methoxy-2-
phenyl)cyclohexanol with 1.3 Equivalents Acetic Anhydride and 0.65 Equivalents 
(p-iPrPh)3SiCl with 35 mol% (-)-BTM 
  
 To check if additional catalyst would help initiate the acylation in the presence of 
the silylation, a reaction was set up using the commercially available 2-phenyl 
cyclohexanol with twice the amount of catalyst (0.5 equivalents to the alcohol) and three 
times the amount of acetic anhydride than the silyl chloride. This means there is a 1:1 ratio 
of catalyst to silyl chloride and acylation should occur unless all catalyst is being shut down 
from the reaction or there is a different explanation altogether. Unfortunately, no acylated 
product was found in the initial work-up (Figure 3.5), so a complete work-up to determine 
the selectivity factor of the silylation was not conducted.  
 
 
Figure 3.6 Parallel Kinetic Resolution Using 50 mol% (-)-BTM and 3.0 Equivalents 





 At this point, I had been getting involved in other projects and set this project to the 
side for someone to come back to as there is still potential if the acylation pathway can be 
initiated and the rates of the silylation and acylation can be brought closer together. 
Reactions should be set-up in the future that determine why the acylation did not occur. A 
reaction using (-)-benzotetramisole in excess to the silyl chloride would ensure free catalyst 
should be in solution, and the answer to whether there is a problem with catalyst availability 
or another problem entirely can surely be answered. Additionally, it is highly probable that 
the silylation rate is still much faster than the acylation even using the bulky (p-iPrPh)3SiCl, 
but to measure this, a quick real time rate study using an in situ IR instrument should be 
conducted using the acylation reagent with the desired substrate to learn the actual value 
of the rate so the reaction conditions can be rationally changed to match the acylation to 
the silylation. One possible way to combat the faster rate of silylation would be to titrate 
the silyl chloride into the reaction flask while the acylation is to limit the formation of the 
silylated product to a longer timeframe. Doing this dropwise addition would not constitute 
a true parallel kinetic resolution but could have a similar effect on keeping a constant 
concentration of both enantiomers of starting material in solution while derivatizing both 
enantiomers for ease of separation. 
3.4 Site-selective Functionalization of Sugars 
 Targeted derivatization of molecules with multiple functional groups is always a 
highly sought goal in organic synthesis and one that is not always easily achieved. The site-
selective functionalization of hydroxy groups on carbohydrates has been the focus of some 
of these studies for decades.7-9 The aim is to take advantage of the difference in reactivity 




synthesized by selective protection of hydroxy groups to do reactions elsewhere on the 
molecule, or manipulations of those protecting groups for selective new synthetic routes at 
that protected atom. Additionally, the efficiency of methods can be increased by limiting 
required purifications and/or separations 
 Most initial methodological studies focus on simple hexose sugars to develop a 
proof of concept that can be extrapolated either to other monomeric sugars, or larger 
polymeric carbohydrates. Commonly used substrates of this type are pyranosides such as 
methyl α-D-glucopyranoside 3.3, methyl β-D-glucopyranoside 3.4, or the mannose 
equivalents of these two, 3.5 and 3.6 (Figure 3.6). These structures both have a single 
primary alcohol functional group that is the most reactive on the substrate due to its lack 
of steric hindrance that will always lead to faster acylation or silylation at this position over 
the secondary positions. Therefore, this site always needs to have special consideration in 
the designing of experiments, requiring an initial protection of the primary position before 
undertaking studies looking at the reactivity of the secondary alcohols. A key position of 
the carbohydrate is the anomeric methoxy group that is located either in an equatorial or 
axial position depending whether the substrate is in its alpha or beta form. This position 
tends to dictate the reactivity of the adjacent position, generally by making the position less 
reactive if both the anomeric position and the adjacent position are in the equatorial 
position. There are then three other secondary hydroxy groups that are either in equatorial 
or axial positions with stereochemically controlled reactivity.10 Most importantly, bulky 
electrophiles generally favor hydroxy groups in the equatorial position. The asymmetric 





Figure 3.7 Four Hexose Substrates for the Investigations into Selective Silylation of 
Carbohydrates Using Chiral Isothiourea Catalysts 
 
3.5 Silylation of Simple Carbohydrates 
 For our studies, we focused all the initial experiments on the site-selective silylation 
of secondary alcohols of simple hexose monosaccharides 3.3 and 3.4, the mannopyranoside 
derivative. Reaction conditions were made to mimic our silylation kinetic resolution 
chemistry and used triphenylsilyl chloride as the silyl source since three phenyl groups 
have been essential in obtaining selectivity in our kinetic resolutions. Since our research is 
focused on the secondary alcohols of the sugar, the primary alcohol was first protected with 
a tert-butyldimethylsilyl (TBDMS) group so that is does not interfere with the chiral 
silylations of the secondary hydroxy groups (Figure 3.7). 
 
Figure 3.8 Protection of Primary Hydroxy Group with 1.2 Equivalents 





Initial experiments to compare the reactivity of the three secondary hydroxy groups 
were set up using the asymmetric isothiourea catalysts (+) and (-)-benzotetramisole, and 
the achiral imidazole and N-methyl imidazole (Figure 3.8). The imidazole experiments 
were done for comparison with the chiral catalysts. Triphenylsilyl chloride was used as the 
silylation reagent and only one equivalent was used to limit the amount of silylation that 
can occur such that a ratio of products can be determined based on the one total equivalent. 
However, a slight excess (1.1 Equiv.) was used as a practical matter to account for humidity 
and water that generally reduces conversion on our sensitive reactions. Hünig’s base was 
used as the base since it’s the most common base used in our previous silylation system.  
 
  Figure 3.9 Sugar Silylation Using Four Catalysts to Determine Reactivity with  
  Three Different Hydroxy Groups with 1.1 Equivalents Ph3SiCl and 25 mol % 
  Catalyst 
 
The NMR shift of the proton at the anomeric position of the hexose was used to 
determine the product ratios of the various reactions. Up to three different shifts, labeled 




correspond to the different hydroxy groups being silylated (Figure 3.9). Further analysis, 
such as obtaining a crystal structure, will be required to determine which peak corresponds 
to which silylated hydroxy group, but as it is, reactions can still be compared for selectivity 








     Figure 3.10 Example NMR spectra Showing the Peaks Used to Determine  
     Product Ratios in the Sugar silylation of Methyl α-D-mannopyranoside 
 
The product ratios for the initial four catalysts were very similar with minor 
differences. In all cases, hydroxy group C was the most silylated position, followed by 
position B, and then A. This most likely means the selectivity seen thus far is innate in the 
reactivity of the position of the hydroxy group on the sugar, meaning the electrophile is 
probably bulky enough to achieve selectivity on its own with the catalysts not contributing 
to further the selectivity in the system. This is made most apparent by the fact that the 









          Figure 3.11 Product Ratios of the Initial Sugar Silylation Reactions  
          Using Four Catalysts 
 
 
Other experiments were set up to look for improvements on the selectivity that 
differentiate the result from each other. When a subsequent reaction was left to react for an 
additional day, the ratios changed slightly from the previous day. We decided to set up a 
time study where aliquots were taken at various intervals up to 20 hours to see how the 
reaction occurs at the different positions (Figure 3.11). Interestingly, although only a 10% 
ratio of position A is achieved over the whole reaction, that conversion occurred in the first 
7 minutes of the reaction and never changed again. The product of position B slowly 
increased over the course of reaction, while the product corresponding to position C grew 




experiments. Overall, it seems the best goal at this point is to increase the reactivity of the 
position C product relative to the position B product as these are both changing throughout 
the entirety of the reaction and thus have more competitive rates with one another compared 






(-)-BTM (1.9) (0.25 equiv.)
Ph3SiCl (1.1 equiv.)
iPr2NEt (1.1 equiv.)

























Figure 3.12 Time Study of Sugar Silylation using 25 mol % (-)-BTM with 
1.1 Equivalents Ph3SiCl 
 
 We tested a couple more reactions on this substrate such as the napthyl derivative 
of (-)-benzotetramisole due to its increased pi character and size, and we ran an experiment 
with para-isopropyltriphenylsilyl chloride as the silyl source to see if even more sterics on 
the electrophile affected the ratios, as they often help with our kinetic resolutions (Figure 
3.12). The napthyl catalyst (3.8) showed little change from (-)-benzotetramisole with only 
a slight increase in position C product. The isopropyl derivative of the silyl chloride. 
However, shows more substantial increase in position C product, with 73% of the product 




impact on the change in product ratios. Future experiments with this substrate should push 
the conversion of the isopropylsilyl chloride to see if the ratio forms in position C’s favor 
as it was shown in the time study using (-)-benzotetramisole as it could result in a very 
selective reaction if the same trend is followed.  
 
Figure 3.13 Two Silylations of Methyl α-D-mannopyranoside using 25 mol%  






 So far, there have been only small changes in the product ratios achieved in 
experiments using the chiral catalysts compared to the achiral imidazole and N-methyl 
imidazole. There are other sugars that could be tested with the system that have hydroxy 
groups in different conformations that could lead to an increase in the formation of a single 
product, but due to the innate reactivity of the hydroxy groups, there is already a large 
different in product ratios of which the choice of catalyst seems to have little effect. The 
change in silyl chloride to the isopropyl derivative showed the largest increase thus far and 
should be used in subsequent reactions. It could also be useful to extend the investigation 
to non-hexose carbohydrates such as dimers or polymers that may not already have such 
innate electronic and steric constraints such that the catalyst has a better opportunity to 
differentiate between axial and equatorial groups in the molecule, expanding on the idea 
developed from the original kinetic resolution of 2-phenylcyclohexanols.  
3.6 Macrocycle Synthesis for the Detection of Glutamate 
 Glutamate is the most abundant neurotransmitter in the central nervous system 
(CNS), and its regulation is required for normal brain function. It is the main excitotoxin 
in the brain of mammals, meaning the over stimulation of the neurotransmitter leads to 
neuron death.11,12 Glutamate has been implicated in a number of disorders such as 
Alzheimer’s disease, Parkinson’s disease, and circadian rhythm sleep disorders (CRSD).13-
15 Developing electrochemical sensors of glutamate that can be used in vivo to measure 
concentrations of glutamate has been difficult in the past  because of the difficulty in 
measuring the electroactivity of glutamate, and in penetrating the synaptic cleft without 




 However, the Hashemi group has shown that glutamate does indeed have 
measurable electrochemical properties and they could analyze glutamate in the Purjinkje 
layer of the cerebellum after it has left the synapse and moved into the extracellular matrix 
where it is more easily measured.  
3.7 Ionophore-Grafted Carbon-Fiber Electrodes 
 Carbon-fiber electrodes utilizing fast-scan cyclic voltammetry (FSCV) is a 
promising technique in the detection of metals and biological analytes. One key issue with 
the technique has been the difficulty in making the electrode selective for a specific analyte. 
The Hashemi group recently developed a system of FSCV on carbon-fiber microelectrodes 
(CFM) that circumvents this problem by covalently attaching an ionophore to the probe 
that was selective for copper (II). They derivatized a commercially available copper (II) 
ionophore by placing an azide group on the ionophore that could be attached via a “click” 
reaction to an alkyne already present on the CFM (Figure 3.13). They then showed the 
electrode was highly selective for copper (II) ions in a solution containing nine metals in 
total.16  
 
Figure 3.14 “Click” Reaction Attaching Copper (II) Ionophore Derivative to the 





3.8 Macrocycle Ionophore for the Detection of Glutamate 
 A key component of efficient detection of an analyte is a sensor with high 
selectivity for that analyte with low selectivity for other compounds located in the same 
space. Macrocycles are a useful tool in creating selectivity for analytes due to their 
adjustable cavity size and of the electronic environment contained within the cavity.17,18 
Macrocycles have been used as sensors for many compounds including glutamate, and one 
of these biosensors is a dicopper (II) octamine cage used by the Taglietti group (Figure 
3.14a).19,20 This structure coordinates the copper (II) bound within its cavity to glutamate 
so that it can be measured. However, this structure utilizes all six nitrogen atoms to 
coordinate the copper and since we need to plan to derivatize at the center nitrogen atom 
of the triamine, this specific structure is not the ideal target. Pyridinium macrocycles also 
can coordinate to copper, are relatively simple to synthesize, and are easily adjusted for 
size of the cavity.21 They have the additional nitrogen on the pyridine ring to coordinate 
with the metal to free up the nitrogen atoms we want to derivatize. Figure 3.14b shows the 
target pyridinium macrocycle derivatized with an alkyne at the center nitrogen of the 
triamine moiety of the molecule. 
The copper should bind strongly with the oxygen anions of the glutamate while the 
size of the macrocycle itself should roughly fit the size of the molecule while not allowing 
anything larger inside. The synthetic route to the desired compound utilized a typical 






     Figure 3.15 Taglietti’s Glutamate Sensing Macrocycle and 
     Our Synthetic Target For in vivo Glutamate Sensing 
 
A reaction between 2,6-pyridinedicarboxaldehyde and two equivalents of 
dipropylene triamine was set up in the presence of lead(II) nitrate (Pb(NO3)2) in methanol 
(Figure 3.15). The product of the reaction still contains unwanted pi bonds and we want to 
ultimately replace the lead ions with copper. Therefore, a reduction of the compound was 
done with sodium borohydride in large excess to reduce the imines and the lead to Pb(0), 
which resulted in the precipitation of lead metal out of the macrocycle that could be easily 
filtered from solution. The product was worked up with HCl to form a white solid salt. 
Finally, to introduce the copper ions, the macrocycle salt was dissolved in water and 
reacted with copper sulfate hydrate. After solvent evaporation, the solid macrocycle 




material and as many unwanted ions as possible (i.e. excess copper). The affinity of the 
copper ions to the macrocycle was strong enough not to be removed in these purification 
steps. Unfortunately, attempts to obtain a crystal structure or take a mass spectrum of the 
final compound proved difficult and NMR analysis could not be done due to the presence 
of the paramagnetic copper (II) ions. The resulting macrocycle was still tested in 
electrochemical studies while buffering the solution against any leftover ions. The 
macrocycle was successful in the initial electrochemical studies conducted by the Hashemi 
group at binding to glutamate in solution and producing a measurable signal with FSCV, 
but the macrocycle was just associated with the electrochemical probe via electrostatic 
interactions and would not be able to be used for in vivo studies in the brain because these 
interactions would not exist outside of solution. Therefore, it would be necessary to 
synthesize a similar macrocycle that can be covalently attached to the probe. 
 
Figure 3.16 Synthetic Scheme of Copper Macro Cycle Formation Utilizing 




 After the initial success of the first macrocycle in free solution, the aim was to make 
a similar structure that could be covalently bound to the Hashemi group’s silicon electrode. 
Their typical procedure to connect an ionophore to the probe is using a typical “click” 
reaction between an azide and an alkyne. Therefore, the goal was to attach an alkyne to the 
center amine of the triamine component of the macrocycle. The synthetic plan as shown in 
Figure 3.16 was to attach a TMS protected alkyne to a Boc protected triamine. The Boc 
group would then be removed with TFA and cyclization using the templating method 
would be done. Finally, the TMS group on the alkyne could be removed and the click 
reaction could be done on the free alkyne attaching the macrocycle to the probe. The copper 
ions could then be added to the macrocycle while it is bound to the probe.  
 




 However, when the templating reaction to form the macrocycle was done in the 
presence of the alkyne, the macrocycle struggled to form and/or be reduced by sodium 
borohydride, resulting in little product with a large amount of impurities. Therefore, a 
different method utilizing a syringe pump for a very slow addition of the triamine was done 
(Figure 3.17). High-dilution conditions where the last component to form the macrocycle 
is only in solution in very small concentrations has been shown favor the formation of 
macrocycles instead of intermolecular reactions that lead to other products.23 This reaction 
also meant the reduction could be milder (less equivalents of NaBH4), since there was no 
lead that needed to be removed from the macrocycle and only the reduction of the imines 
was required. 
 
Figure 3.18 Alternate Metal-Free Cyclization Using Syringe Pump with 1.0 
Equivalents Alkyne Triamine and Four Equivalents NaBH4 
 
Thus far, the alkyne macrocycle has not been attached to the probe by the Hashemi 
group for analysis and so work in the future should be to test whether the click reaction 
adheres the macrocycle to the CFM while leaving the macrocycle intact. If 
incompatibilities arise, such as with the copper (I) catalyst of the click reaction, the 
synthetic route or reagents may need to be altered. Eventually, the goal is to use the 




specificity for glutamate over other compounds should be performed to ensure the size and 
electronics of the system are ideal. For instance, aspartate is another common 
neurotransmitter in the central nervous system that often competes with glutamate sensors24 
and could easily be tested in solution with the initial macrocycle alongside glutamate. 
3.9 Conclusions 
 These various studies have been the beginnings of projects that have the potential 
to develop into productive studies should the right substrate, electrophile, or nucleophile 
be found. The parallel kinetic resolution using chiral isothiourea needs specific studies to 
determine why the acylation has had trouble converting in the presence of the silylation 
reaction. Additionally, a method to decrease the rate of silylation, such as through a slow 
titration of the silyl chloride would help to optimize the reaction once both occur in solution 
simultaneously. Sugar silylations of methyl α-D-mannopyranoside have already shown 
inherent selectivity in the reaction without the presence of the chiral catalysts, so focus 
should be on finding a substrate that utilizes the sterics of the catalytic intermediate of (-)-
benzotetramisole and the silyl chloride to further increase the selectivity for one hydroxy 
group. The synthetic scheme for the copper containing macrocycles has already been 
roughly determined and only requires further analysis of the macrocycle to ensure purity 
and form and then, of course, the electrochemical studies of the macrocycle while it is 
covalently bound to the carbon-fiber electrode to determine its effectiveness at binding 








All silylation reactions were carried out in flame-dried glassware under a nitrogen or argon 
atmosphere. All solvents used were dried through a column of active alumina prior to use. 
1H NMR was taken on a Varian Mercury/ VX (300 MHz), mass spectrometry (GCMS) was 
conducted by the University of South Carolina Department of Chemistry and Biochemistry 
mass spectrometry facility. Commercial reagents were obtained from Aldirch, TCI, or Alfa 
Aesar, and used without purification. 
Parallel Kinetic Resolution Studies 
Acylation of Tetralol 
 A one-dram vial was flame-dried and fitted with flea stir bar and molecular sieve. 
Alcohol (74.1mg, 0.5 mmol) and (-)-benzotetramisole (31.5 mg, 0.125 mmol) were added 
and vial was sealed with electrical tape. Chloroform (1.1 mL) was added followed by 
Hünig’s base (65.5 μL, 0.376 mmol). Reaction vial was placed in a crycool until the 
temperature reached -78 °C (~30 min). Acetic acid (35.5 μL, 0.376 mmol) was added 
dropwise and allowed to reaction for 24 hours. Reaction was then quenched with 300 μL 
methanol and the solvent was evacuated. Starting material and products were separated via 
silica gel column chromatography (hexane and 5/10/25% ethyl acetate). Pure recovered 
starting material and products were analyzed with HPLC (OD-H, 4% isopropanol in 





(-)-benzotetramisole (0.25 equiv)OH O




e.r. product = 32.9:67.1  
 
Figure 3.19 Reaction Scheme and HPLC Spectrum of the Recovered Starting 
Material in the Acylation Based Kinetic Resolution of Tetralol Using Acetic 
Anhydride 
 
Acylation of 2-Phenyl Cyclohexanol 
A one-dram vial was flame-dried and fitted with flea stir bar and molecular sieve. 
Alcohol (70.5 mg, 0.4 mmol) and (-)-benzotetramisole (25.2 mg, 0.1 mmol) were added 
and vial was sealed with electrical tape. THF (0.9 mL) was added followed by Hünig’s 
base (52.3 μL, 0.3 mmol). Reaction vial was placed in a cryocool until the temperature 




allowed to reaction for 48 hours. Reaction was then quenched with 250 μL methanol and 
the solvent was evacuated. Starting material and products were separated via silica gel 
column chromatography (hexane and 5/10/25% ethyl acetate). Pure recovered starting 




Figure 3.20 Reaction Scheme and HPLC Spectrum of the Deprotected Product in the 







Acylation of 2-(m-methoxyphenyl) Cyclohexanol 
A one-dram vial was flame-dried and fitted with flea stir bar and molecular sieve. 
Alcohol (61.9 mg, 0.3 mmol) and (-)-benzotetramisole (18.9 mg, 0.075 mmol) were added 
and vial was sealed with electrical tape. THF (0.7 mL) was added followed by Hünig’s 
base (52.3 μL, 0.3 mmol). Reaction vial was placed in a cryocool until the temperature 
reached -78 °C (~30 min). Acetic anhydride (28.4 μL, 0.3 mmol) was added dropwise and 
allowed to reaction for 48 hours. Reaction was then quenched with 250 μL methanol and 
the solvent was evacuated. Starting material and products were separated via silica gel 
column chromatography (hexane and 5/10/25% ethyl acetate). Pure recovered starting 




Figure 3.21 Reaction Scheme and HPLC Spectrum of the Recovered  
Starting Material in the Acylation Based Kinetic Resolution of  




Parallel Kinetic Resolution of 2-(m-methoxyphenyl) Cyclohexanol 
A one-dram vial was flame-dried and fitted with flea stir bar and molecular sieve. 
Alcohol (61.9 mg, 0.3 mmol) and (-)-benzotetramisole (37.8 mg, 0.15 mmol) were added 
and vial was sealed with electrical tape. THF (0.9 mL) was added followed by Hünig’s 
base (79.5 μL, 0.3 mmol). Reaction vial was placed in a cryocool until the temperature 
reached -78 °C (~30 min). Para-isopropyl triphenylsilyl chloride was added as a solution 
in THF (300 μL of 0.5mM/mL solution) followed by immediate addition of  acetic acid 
(36.9 μL, 0.39 mmol) and allowed to reaction for 48 hours. Reaction was then quenched 
with 250 μL methanol and the solvent was evacuated. Starting material and products were 
separated via silica gel column chromatography (hexane and 5/10/25% ethyl acetate). Pure 
recovered starting material was analyzed with HPLC (OD-H, 2% isopropanol in hexane, 1 
mL/min 
 
Figure 3.22 Reaction Scheme and HPLC Spectrum of the Recovered  
Starting Material in the Parallel Kinetic Resolution of m-Methoxy[ 
2-phenyl Cyclohexanol Using Acetic Anhydride and (p-iPrPh)3SiCl 




TBDMS Protection of Methyl α-D-mannopyranoside 
 
Figure 3.23 Reaction Scheme of the Silylation of Methyl 6-O-tert-butyldimethylsilyl-
α-D-mannopyranoside using tert-butyldimethylsilyl chloride 
 
Sugar (970.9mg, 5 mmol) was added to a flame-dried 100 mL round bottom flask 
equipped with stir bar and 4 Å molecular sieves. Imidazole (340.4 mg, 5 mmol) was added 
followed by 30 mL dry DCM. Tert-butyldimethyl silyl chloride (904.32 mg, 6 mmol) was 
dissolved in 5 mL dry DCM and added dropwise. Reaction was left to stir overnight for 16 
hours. Reaction was quencted with 2 mL MeOH and solvent was evaporated. Crude 
product was separated on a silica column with 5, 10, 25 % isopropanol in hexane. Produce 
was a white solid. 1H NMR (CDCl3, 300 MHz): δ= 0.07 (s, 6H), 0.92 (s, 9H), 3.38 (s, 3H), 
3.6 (ddd, 1H), 3.75-3.95 (m, 5H), 4.72 (s, 1H) 
General Procedure for the Silyation of Methyl 6-O-tert-butyldimethylsilyl-α-D-
mannopyranoside 
 





To a flame-dried 1-dram vial with flea stir bar was added Methyl 6-O-tert-
butyldimethylsilyl-α-D-mannopyranoside (31 mg, 0.1 mmol) and catalyst (0.025 mmol). 
Dry THF (300 μL) was added to the vial followed by iPr2Net (20 μL, 0.11 mmol). Reaction 
vial was placed on the cryocool and allowed to cool to -78 °C over 20 minutes. A 1.1 M 
solution of silyl chloride in THF was made of which 100 μL was added to initiate the 
reaction. Reactions were quenched with 250 μL MeOH and solvent was removed. NMR 
was immediately taken to determine ratios. 
Macrocycle Synthesis for the Detection of Glutamate 
Synthesis of Initial Macrocycle 
 
Figure 3.25 Reaction Scheme of the Templated Macrocyclization 
Lead nitrate (1.0 mmol) was mixed with 30 mL of methanol in a 100 mL round 
bottom flask and stirred for 40 minutes at room temperature. Then the 2,6-pyridine 
dicarboxaldehyde (1.2 mmol) and dipropylene triamine (1.2 mmol) were added and 
solution was brought to reflux. Reaction was allowed to stir at reflux overnight for 24 hours 
and then cooled to room temperature. Solid precipitate was filtered off and solution was 





Figure 3.26 Reaction Scheme of the Reductive Amination of the Macrocycle  
A large excess of sodium borohydride (~ 100 mg) was added to solution and reacted 
until all lead metal precipitated out. Lead was removed via filtration and the solvent was 
removed. A 30 % solution of NaOH was added (5 mL) and the product was extracted with 
dichloromethane. The solvent was removed, resulting in a pale, yellow oil. Approximately 
10 mL ethanol was added to dissolve the oil and 0.8 mL 37 % HCl was added to precipitate 
product as an HCl salt. Solid was filtered and dried in vacuum. 
 
Figure 3.27 Reaction Scheme of the Copper Insertion into the Macrocycle 
Macrocycle was placed in a 4-dram vial and dissolved in a minimum amount of 
water (~5 mL). Copper sulfate (2 equiv.) was placed in a separate 4-dram vial and also 
dissolved in a minimum amount of water (~1 mL). Copper sulfate solution was added 
dropwise to the macrocycle solution while carefully monitoring the pH of the macrocycle 
solution until it reached a neutral pH. The solution was allowed to continue stirring 
overnight (~16 h) and then water was removed, resulting in a green solid. Product solid 
was dissiolved in benzene 3 times and solvent evacuated, followed by two ethanol washes, 
filtering off any white solid that forms. A sample of the green solid was give to the Hashemi 




Synthesis of Alkyne Containing Macrocycle 
Figure 3.28 Reaction Scheme of the Alkyation of the Boc-protected Triamine 
Boc protected triamine (1.0 mmol) was placed in a flame-dried 15 mL round bottom 
flask equipped with stir bar and molecular sieve. Dry acetonitrile was added (3mL) 
followed by the addition of 3-bromo-1-(trimethylsilylm)-1-propyne (1.0 mmol) and 
Hünig’s base (2 mmol). Reaction was left to stir for 1 hour at room temperature and then 
heated to 70 ˚C overnight (16 h). Reaction was then allowed to cool and solvent 
rotovapped. Product was dissolved in a minimum amount of water and then extracted using 
ethyl acetate three times. Solution was dried with Na2SO4 and dried under vacuum. Finally 
a silica gel column was run using 25, 50 % ethyl acetate in hexane resulting in a clear oil 
product. 
 
Figure 3.29 Reaction Scheme of the Boc Deprotection of the Triamine  
Boc protected amine starting material (1.0 equiv.) was dissolved in 2 mL of 
dichloromethane and brought to 0 ˚C in an ice bath over 30 minutes. Trifluoroacetic acid 
(15 equiv.) was added slowly and reaction was allowed to warm to room temperature over 




removed. Product was extracted from water layer using ethyl acetate, dried with sodium 
sulfate and solvent removed. Product was purified on a short column using 100% 
ammonium saturated methanol.  
 
Figure 3.30 Reaction Scheme of the Syringe Pump Mediated Macrocyclization 
The 2,6 pyridine dibarboxaldehyde (1 equiv.) was dissolved in methanol (0.03M), 
placed in a 15 mL round-bottom flask, and brought to 0 ˚C using a cryocool instrument 
(~30 minutes). Deprotected triamine from step 2 was placed in a 4-dram vial and dissolved 
in methanol to make a 0.035 M solution. The triamine solution was then added to the 
aldehyde solution via syringe pump over 4 hours and left stirring overnight. Solvent was 
removed and product allowed to dry on pump. 
 







Macro cycle product from step 3 (1 equiv.) was dissolved in methanol (5 ml) and 
NaBH4 (4 equiv.) was added slowly and allowed to reaction for 16 h.  Solvent was removed 
and 5 mL of a 30% NaOH solution was added. Product was extracted with 
dichloromethane, dried with sodium sulfate, and dried under vacuum. Resulting oil product 
was handed off to the Hashemi group for attachment to the electrode and insertion of 
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